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A survey of the literature on thermsl contact resistance reveals that there

ABSTRACT

is a dearth of adequate information and that considerable discrepancy exists
between known theories and experimental data. An attempt is thus made to in-
qQuire into the physical nature of such resistance and to seek explanations for
the many apparent contradictions. A new model is proposed and a restrictive
analysis is given which leads to a satisfactory prediction of the thermsl con-
tact resistance for engineering surfaces in a vacuum enviromment. Limitations

of the proposed model are discussed.

For the title problem, radiative transfer and interstitial conduction are
shown not to be of importance; metal-to-metal conduction is the dominating
mechanism. The resistance tc heat flow due to imperfect interfacial contact is
conceived to consist of three resistances in series, namely, the film resistance,
the microscopic constriction resistance and the macroscopic constriction re;
sistance. It is demonstrated that, for many surfaces commonly encountered in
engineering practice, the macroscopic constriction has a commanding influenve.
It is under the latter condition that the present analysis is carried out, and,
in this sense, the theory is restrictive. Nevertheless;, the results obtained

have thrown considerable light cn the physics of the overall problem.

The experimental technique used in the investigation and some of the
common pitfalis are described and discussed in detail. Extensive resu;ts are
given for brass; magnesium, stainless steel and aluminum surfaces showing the
effects of material properties and the degree of conformity of mating sur-

faces. Limited results are presented tc show the influence of surface films,

iii
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surface roughness, annealing, creep, environmental gas pressure, additional
interstitial material, etc. Good agreement between the measured and predicted
values has been found over wide ranges of the applied load and other system

varisbles. NRoTueg
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1. INTRODUCTION

It has long been an acknowledged fact that the interface formed by two
members in contact represents an additional resistance to the flow of heat from
one member to the other. Until recent years little attention was given to this
problem. The recent publications on the subject are concerned mainly with the
experimental determinations of such resistance in the presence of a conducting
fluld. Many of these are prompted by the technological application in nuclear
pover reactors where an extremely large heat flux passes from the fuel element
tc its sheath; thus, even a moderate contact resistance could cause a large,

undesirable temperature drop.

Literature on thermal contact resistance in a vacuum is extremely scarce.
This is somewhat surprising considering: &) the greater importance of such
resistance in the absence of a conducting fluid, b) the vast research effort
being conducted on problems connected with thermal design of space vehicles,
and =) the advantage this approach offers in developing an understanding of the

physics of thermal contact resistance.

The technical importance of thermal contact resistance can be readily real-
ized by examining Figure 1. This figure illustrates two aluminum plates of 1/2"
thickness in contact under a pressure of 30 psi. The two outer surfaces of the
plates are held at temperatures of 100 and 0° F as shown. The heat flow is one-
dimensicnel. Using representative values of interface conductance from data
reported in literature [7, 22]? the heat flux (g) and the temperature drop across
the interface (AT) have been calculated and are listed in the table of Figure 1.

Three cases are being considered:

Numbers in brackets, [ ], indicate references listed in the Bibliography



IONVISISEY LOVINOD TYWYFLL A0 HONVOIJINDIS HHL

T ™NOTA

. WNNOVA NI
b6 00s'8 06 JOVHYILNI
. dIV NI
19 000'sS 006 39v43LNI
JONVLSIS3Y
000'2v! m— 1OVINOD
ONILO3 193N
3FOV4YILNI Am: zv XANd|  de g M
(40) SSOMOV dova(\ ™a / 1vaH| ~mE
3HN1VH3dNTL 3ONV.LONANOD
o 2 e 3OV443LNI
.._t 2 .
Isd Og=d LN
de 4 N n"e&*
na 8l ™40 00I=4
do OMK\\

JOV4H3LNI




)
a) neglecting the contact resistance due to the interface;
b) assuming the interface is in air, i.e., the voids due to the surface
roughness and waviness are filled with air; and

c) essuming the interface is in vacuum.

The heat flux through the plates in vacuum is only six per cent of the
amount which would flow through them if the interface resistance were neglected.
Of the 100° F temperature drop across the members, 9&0 F occurs at the interface.
Although the accuracy and suitability of the data used is questionable, it does
demonstrate the magnitude of the problem, especially in a vacuum environment.
This is particularly true considering the large number of Jjoints which often
exist ir the heat flow path between the source and sink in a space vehicle or
in other types of apparatus. Welded or brazed joints would alleviate the
problem; however, since many of the jointe frequently have to be broken during
normal handling of the components, they cannot always be fabricated in this
manner. Thus, this problem is of paramount importance if efficient heat trans-
fer is tc be obtained and accurate predictions of temperature levels are to be
made. Reliability of a space vehicle greatly depends on accurate thermal design.
Elaborate analyses of radiating fin profiles would bave little practical value
if the resistance of internal heat paths is not accurately known. Likewise,
realistic design of thermal switches is impossible without a better understand-

ing of thermal contact resistance.

With the meager amount of data and analysis available in literature, the
mechanisms involved and the important variables of the problem were very dubious.
The objective of this investigation is, as has been stated in the thesis pro-

posal, to perform a predominantly experimental study of the nature of thermal

contact resistance with the aim of clarifying the mechanism involved and

obtaining a model by which such resistance can be predicted. Emphasis has thus
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been placed on obtaining accurate date from planned experiments in accordance

with the said obJective.

A brief review of the published studies is given in Chapter 2. The
literature is divided into two parts: the studies concerned predominantly with
thermal contact resistance in the presence of a conducting fluid, and those
pertaining to a vacuum environment. Chapter 3 presents & general discussion of
the mechanism of heat transfer at an interface. Included is an analysis of the
relative importance of radiation and interstitial conduction in comparison with

metal -to-metal conduction.

Chapter 4 presents the proposed model for the prediction of thermal contact
resistance. The approach is quite foreign to the prevailing studies reported
in the literature. Emphasis is placed on the analysis of the macroscopic
constriction resistance and evidence is given to support the view. This
resistance has previously been grossly overlooked; however, it appears to be

dominating in many cases.

Chapter 5 gives a description of the experimental apparatus and procedure
along with a discussion of the measurement accuracy. Chapter 6 gives the
experimental results and compares them with theoretical predictions. Chapter 7
presents a critical comparison between published studies and the present analy-

sis. The theoretical models and experimental results are compared and discussed.

The conclusions drawn from this study are summarized in Chapter 8.

Chapter 9 gives some recommendations for future extensions of this

investigation.




2. REVIEW OF LITERATURE

A search of the literature shows that the study of thermel contact resis-
tance is & relatively recent undertaking. Almost all literature availsble on
this problem has been published during the last fifteen years. The majority of
these studies were for joints in a conducting fluid; therefore, the fluid in
the interstices also provided a path for the conduction of heat across the inter-
face. The conduction of heat through this interstitial fluid is often large or
dominating; thus, the problem is vastly different from the one being studied.
However, if close attention is given to this difference, it is believed that
much can be learned from the trends reported and methods employed in these

studies. Hence literature of this category will be reviewed.

2.1 LITERATURE ON THE STUDY OF THERMAL CONTACTS IN THE PRESENCE OF A

CONDUCTING FLUID.

One of the early experimental analyses of contacts in air was presented by
Brunot and Buckland [14). Tests were made with two tyfes of two inch square
steel test specimens. One consisted of solid blocks and the other, laminated
blocks. The laminations were perpendicular to the contact surface. The effect
of placing cement and shims of steel and aluminum between the specimens was also
studied. The contact resistance was reported as a function of the contact
Pressure which was varied between O and 300 psi. Data were reported for a wide

reange of surface finishes.

Weills and Ryder [61] made an experimental study of the thermal contact
resistance with the obJjective of improving the prediction of metal temperatures

in aireraft engines. The joints were formed from steel, aluminum and bronze.



The contact pressure ranged fram 2 to 8000 psi. The temperature at the interface
ranged from 300 to 500°F and the temperature drop across the interface from 1 »
to 100°F. Both rough surfaces (70 to 90 microinches rms) and smooth surfaces
(3 to 16 microinches rms) were investigated. Some hysteresis-like variations

of thermal contact resistance with apparent contact pressure were indicated.

Kouwenhoven and Potter [39] conducted a group of experiments investigating
the thermal resistance between steel surfaces in air. The thermal resistance
results are reported at two temperature levels for pressures ranging from 195
to 2055 psi. The high temperature tests were conducted in an argon atmosphere
in order to eliminate oxidation of the surfaces. In all tests one specimen
had a 3 microinch rms surface roughness. The other specimen's roughness ranged
from 3 to 4150 microinches rms. The authors concluded that the thermal resis-
tance decreased with pressure in a manner which was essentially exponential,
but for very smooth surfaces, it was almost independent of pressure. At
constant pressure and in the absence of corrosion, the contact resistance was
essentially constant as the temperature was increased; however, reported data
showed an increase in contact resistance with increasing temperature. This is
an apparent contradiction of the data reported elsewhere [6, 7] and the models

presented in the literature.

Centinkale and Fishenden [16] made a theoretical and experimental inves-
tigation of thermal contacts in air. In their analysis, the microscopic
contact areas were assumed to be evenly distributed and formed by cylinders of
radius a. The heat channel associated with each contact point was taken as a
coaxial cylinder of radius b. A fluid of conductivity kf was assumed to be
present in the voids of uniform thickness, 6. The steady-state temperature
distribution was obtained by the relaxation method. Using these results, an

equation was developed for the interface conductance. Several parameters in




this equation were then determined from experimental data. These parameters
contained the constriction ratio a/b and the gap thickness 6. Their experimen-
tal data were not reported; however, they stated that the parameters were found
to be independent of the nature of the metal or fluid and were constant for a
given type of surface roughmness. The actual contact area employed in their
analysis was determined from the Meyer hardness and the relationship Pa/H = As/Aa.
The materials they investigated were steel, brass and aluminum which were ground
to various degrees of roughness. Air, spindle oil and glycerol were utilized as

the interstitial materisl.

Barzelay, et al., reported a considerable amount of experimental data on
thermal contact resistance. Their specific area of interest was aircraft
structural joints. In Ref. [6] the effects of heat flow, temperature drop,
temperature level, and surface conditions were studied. In all tests the contact
pressure was kept at a constant value of approximately 7 psi. The materials
employed were either stainless steel (AISI 416) or aluminum (75ST6). In several
tests the contact surfaces were separated by foil or insulating sheets. Several
were Jjoined by strength-giving bonds. The surface roughness ranged from 12 to
120 microinches rms, and the mean temperature of the interface renged from

approximately 200 to 500°F.

In a later report by Barzelay, et al. [7], the work was extended to include
the effect of pressure on thermal conductance. The pressure was varied from 5
to 425 psi. The specimen materials, range of surface finish, and range of mean
interface temperature were all similar or identical to the previous report. In
some instances it was found that warping influenced the conductance far more
pronouncedly than either roughness or initial flatness. For smooth and flat
surfaces the interface conductance values varied widely with minute changes in

the matching configuration. Many data were given showing the effects of the



various parsmeters.

Barzelay and Holloway [8, 9] performed several experimental studies of
thermal contact resistance in riveted aircraft Jjoints. The results are highly
specific and of less value for the analysis and understanding of the problem.
Considerable scatter was experienced in interface conductance measurements. The
scatter was found to be largest in the thin-skin configurations. It occurred
not only from specimen to specimen, but also from one test run toc the other, even
during a given test of short duration. Warping of the skin and stringer was ob-
served visually and was probably the source of much of the reported scatter.

An extension of these investigations was also given at a much later date by
Barzelay [10]. The specimens tested were aluminum alloy and high temperature
alloy structural joints consisting of a stringer joined to a skin surface.
Detailed data were given for the characteristics of the thermal contact resis-

tance of more than 100 specimens.

Boeschoten and Van der Held [12] made an analysis in which an endeavor was
made to separate the interface conductance into two parts: that due to thé
interstitial gas, and that due to the points of metallic contéct. Interface
conductance values were reported for aluminum-aluminum, aluminum-steel, and
aluminum-uranium interfaces. The gap between the surfaces was filled with air,
helium or hydrogen at gas pressures varying between 1 and 750 mm Hg. Varying
gas pressures were reported only for one contact pressure of 35 kg/cm?. In
addition, data were given for contact pressures of 1, 6, and T0 kg/cm2 at
atmospheric pressure. The surface roughness was about 10 microns and the inter-
face temperature was approximately lSOOC. Some o0ils also were introduced in
the joints to obtain more data for the analysis of the interstitial heat con-

duction. In their model, the contact areas were assumed to be uniformly




distributed, circular contacts of radius as formed by the plastic deformation of
the asperities. The number of contact areas for & given load was expressed in
terms of the hardness, H. Their resulting equation for the interface conduct-
ance, hc, due to the metal-to-metal conduction mode was: h_ = Pa ke

c H ag
Py is the apparent contact pressure and kc the conductivity of the metal. With

where

the experimentally determined values of the interface conductance, the size of
the contact areas could be calculated. Théir results showed that &, vas about
30 microns, independent of the material and, to some extent, independent of the
contact pressure. The interstitial conductance, h_, was estimated from rough-

T
ness measurements and the relation h_ = kf/é vhere k_, is the thermal conducti-

f i
vity of the fluid and 6 the thickness of the gap. In their analysis they
assumed that hc and hf were independent. This assumption will be reviewed later.
They asserted that the interface conductance must always be determined éxperi-
mentally if a reliasble value is required; however, they stated that their

procedure provided a means of estimating the interface conductance.

Skipper and Wotton [55] reported data on a series of tests with particular
reference to nuclear reactor fuel elements. The joints investigated were those

formed from uranium and Magnox (& magnesium alloy) or aluminum. They showed

the effect of surface temmerature,

oas nresgan
- = = = 7 O L -

e in the intersticesg, and oxide
films on the interface conductance. Most of the data were for joints in an
atmosphere of argon or helium at relatively high pressures (16.1 to 25 psia);
however, others were also given showing the variation of contact resistance
with gas pressure in which the pressure was varied from 10-z+ to lO+3 mn Hg.
Included were curves showing the effect of relatively thick, artificially
produced oxide films on interface conductance for joints in an argon or

helium atmosphere. The conditions of these tests were not specified in detail.

The effects of the variables were discussed only in general terms.
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Graff [26] attempted to correlate the date on thermal contact resistance of
other investigators by two dimensionless groups: 1) hpa/kcp, where Py is the
apparent contact pressure, p the materiai density, and kc the thermal conductiv-
ity of the material, and ii) pa/H, the ratio of the apparent contact pressure to
the Brinell hardness number. Most of the data used in the correlations vere
from tests with an interstitial gas. Only one set of data was obtained in a
vacuum environment. It was found that the data could not be correlated in these

dimensionless coordinastes. The author attributed this to the omission of a

roughness parameter.

An experimental procedure was described by Mizushina, et al. [45], for the
determination of the thermal contact resistance between stagnant mercury and a
s0lid metal surface. The thermal conductivity of the mercury was simultaneously
determined. Their interest in this problem was stimulated by the discrepancies
found in investigations employing liquid metal as a heat transfer medium.

Their results showed the existence of a small thermal contact resistance be-
tween a chromium or nickel-plated surface and pure liquid mercury. The inter-
face conductance for these surfaces ranged from 9,500 to 42,000 Btu/hr ftzoF.
Their results also indicated that there was no thermal resistance between the

copper bese and the plated chromium film.

Schmidt and Jung [54] measured the contact resistance between liquid sodium
and stainless steel. In their experiments, up to 24 interfaces were placed in
series. In this way they multiplied the surface resistance by a factor of about
20, thus making possible an accurate determination of the small resistance at
each interface. The contact resistance was found to be less than that of a

stalnless steel sheet 0.015 mm thick.

Barzelay, et al. [7], reported that when steel and aluminum specimens were

in contact, the interface conductance depended upon the direction of heat flow.
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Motivated by these results, Rogers [5] made an investigation for interfaces of
dissimilar metals. He devised an apparatus in which the direction of heat flow
could be reversed without disturbing the interface. The contact pressure was
122 psi for all tests. The mean interface temperature ranged from 40 to lhOOC;
the surface roughness varied between 2 and 10 microinches; and the specimens were
parallel to within 0.0003 inches. The resulte for air at atmospheric pressure
showed that the interface conductance was approximately 20 percent higher with
heat flow from steel to aluminum than for the opposite direction. In a vacuum
the numerical difference wasg about the same, but due to the smaller conductance
values in a vacuum, the percentage difference rose to about 100 percent. Other
dissimilar metallic joints whichwre investigated (chromel-alumel and copper-

steel joints) did not clearly show any directional effect.

The cause of this directional phenomenon in the resistance to heat flow at
the interface of dissimilar metals is not understood. Rogers suggested that it
could be associated with the mechanism of conduction at the points of metallic
contact. In a discussion of Rogers' paper, Williams [64] suggested that the
phenomenon was a direct result of surface contamination. Moon and Keeler [46]
applied the theory of heat conduction in the solid state to explain this
asymmetric behavior at the interface of two dissimilar metals. They stated
that this effect cannot be predicted quantitatively due to the lack of accurate
work functions of various metals and their oxide films, although solid state

theory qualitatively explains the directional behavior.

A considerable amount of work on thermal conductance was done at the
Massachusetts Institute of Technology under the sponsorship of the U.S. Atomic
Energy Commission. The results were first reported by Fenech and
Rohsenow [20, 21], and were submitted by Fenech as a Sc.D. thesis. The latter

consisted of a predominantly theoretical analysis. The geometry of contact was
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imagined to be cylinders of radius a evenly distributed over the surface. The
heat flow channel associated with each contact was taken as a coaxial cylinder of
larger radius b. The voids were assumed to be of uniform thickness filled with a
fluid of conductivity kf. Radial conduction and natural convection were neglected.
The boundary value problem was solved by dividing a representative heat channel
into three subregions and satisfying the average boundary conditions between each
subregion. An appropriately weighted average for the thickness of the fluid film
was obtained in order +to have & more realistic model for a contact. The following
quantities are required for evaluating the interface conductance: i) the ratio of
the real area of contact to the apparent area of contact, ii) the number of con-

tact points per unit ares, i1i) the volume-averaged thickness of the interstices,

and iv) the thermal conductivities of the metals and of the interstitial fluid.

The geometrical properties of the contact listed above were determined by
a very time-consuming graphical analysis applied to recorded surface profiles.
The Knoop hardness was introduced as a means of relating the apparent contact
pressure to the actual area of contact. Good agreement with experimental results
was reported; however, a comparison with experimental data was given for only an
iron-aluminum contact with maximum surface roughness of 150 microinches rms.
Other experiments were performed with the following types of artificial contact
models: i) solid eylinders with & neck machined into them, hence, providing one
contact spot of a specified radius; and ii) specimens whose surface congisted of

several machined pyramide.

Several progress reports giving extensions of the above analysis have since
been published [41, 42]. The apparent objective was to find a more convenient
method of determining the geometrical properties of contacting surfaces for use
in the equation developed by Fenech and Rohsenow. One procedure employed an

analog computer and the other was by & statistical analysis. The latter was only
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applicable for a rough surface in contact with a smooth, flat surface.

Ademantiades [1] conducted an experimental study to provide adequate data for
comparison with the theory of Fenech and Rohsenow; however, a comparison was not
given in this report. Three series of tests were conducted with three sets of
stainless steel specimens. Data were obtained for a range in pressure from a few
hundred psi to 20,000 psi. Those given for the higher pressures are of limited
value due to considerable reported error. In some cases a negative temperature
drop was obtained across the interface. A very recent report by Henry [30] which
summarized the past research at the Massachusetts Institute of Technology gave &
comparison of these data with theory. These results will be considered further

in Chapter T.

Wheeler, who was concerned with reactor fuel element design, wrote a short
appraisal of thermal conductance data reported in the literature [62]. Later he
performed an experimental asnalysis of the interface conductance between many
different fuel element materials [63]. Part of this experimental study was per-
formed in a vacuum of 10 % mm Hg, the remainder in a gas of specified pressure
up to one atmosphere. In general, the results showed considerable scatter. The

deduced apparent thickness of the gas film was several times that of the total

to evaluate the geometrical parameters associated with the interfaces studied

produced results which were reported to have no statistical significance.

Recently, Sanderson [53] investigated the thermel contact resistance between
uranium and Magnox. The object was to obtain a better understanding of the heat
transfer process from the uranium fuel to the Magnox sheath in a gas-cooled
reactor. The effects of the interface temperature, the interstitial gas and gas
pressure, the contact pressure, and the surface films were investigated. The

test surfaces were ground to a flatness of 100 to 200 microinches and a surface



roughness of 5 to 10 microinches. Data were given showing the effect of pressure
on the contact resistance in vacuum as well as in argon and helium atmospheres of
17.7 psia. The contact pressure rangad from 47 to 295 psi, and the temperature
ranged from 150 to hSOOC° Some results showed the effect of relatively thick

oxide and nitride films.

Laming [40] recently presented an analysis of the thermal contact resistance
between machined matal contacts. Experimental values of conductance versus load
were obtained for contacts of steel and brass, steel and aluminum, brass and
aluminum, and brass and brass. Air, glycerol, and water were utilized as inter-
facial fluids. Very rough surfaces were employed. The roughness varied from
24l0 to 170 microinches ('peak-to-mean' surface distance). In the analysis the
total interface conductance, ht’ was set equal tathe sum of the metal-to-metal
conductance, hc, and the interstitial conductance, hfa The former was determined
from the expression: hc = 2nakc/Aa(l - £), where f is a constriction allevia-
tion factor based on an equation given by Roess [SO], e is the mean radius of a
contact point, Aa is the apparent contact area, n is the number of contact points,
and kc is the conductivity of the material. a was expressed in terms of the load
and Meyer hardness value. n was obtained from the equation: n = Aa(sin a)/k1 x2.
It was assumed that: i) all machined surfaces have a regularly pitched ridging
due to the periodical nature of the machining process where Xl and XQ are the
wavelengths of these ridges on surfaces cne and two, respectively; ii) all ridge
crests lie in the same plane; and iii) the angle between the ridges on surfaces
one and two is a, which is a function of the orientation of these surfaces. The
factor, sin a, was later dropped because the orientation indicated no clearly
separable trend. The wavelengths varied from 0.0280 to 0.0029 inches. They
were generated by a single point cutting tool. The interstitial conductance,

hf, was calculated from: h

s = kf/é where 6 is the effective film thickness and
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kf is the fluid conductivity. Various possible reasons were given and discussed

for the discrepancies between the model and the results.

2.2. LITERATURE ON THERMAL CONTACTS IN A VACUUM ENVIRONMENT.

One of the first published studies of thermal contacts in vacuum was per-
formed by Jacobs and Starr [33]. They investigated the problem of thermAl
contact resistance in connection with the use of mechanical thermal switches in
cryogenic apparatus. The effect of pressure on interface conductance was studied.
They investigated only good conductors - gold, silver, and copper - with
"optically flat" surfaces for apparent contact pressures ranging from approxi-
mately zero to 2.5 kg/cm?. Unfortunately, the hardness of the specimens, the
pressure in the vacuum chamber and the quantitative flatness deviation of the
specimens were not reported. Data were presented at two temperatures: room
temperature and the temperature of boiling nitrogen (- 195°C)° They found that
the conductance was several times greater at room temperature than at liquid

nitrogen temperature.

Berman [11] was also interested in the problem of thermal switches for low
temperature work and the potential of mechanical heat switches. He performed an
experimental study of thermal contact resistance in a vacuum at very low temper-
atures, i.e., from 1.8 to 77°K° The chamber pressure in all cages was about
10™% mm Hg. The main points investigated were: i) the dependence of conduct-
ance on load, ii) the variation of conductance with temperature, and iii) the
applicability of the Wiedemann-Franz-Lorenz relation. The contact pressure was
varied between about 300 and 1600 psi. At helium temperature (4.2°K), the
conductance between all types of surfaces that were examined was reported to be
proportional to T2, but the temperature dependence was reported to be small at

nitrogen temperature. It was found that the electrical conductance according to
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the Wiedemann-Franz-Lofenz law was always much less than the thermal conductance.
The two conductances behaved quite differently during cycles of the load. This
suggests that most of the heat transport took place through electrically
insulating regions of the surfaces at these low temperatures. The specimens in
these tests were made of either steel or copper. Aluminum oxide powder or &

thin disc of Teflon was placed between the metallic surfaces in several tests.

Mikesell and Scott [4U4] performed an experimental study of the heat con-
duction through insulating euppofts of storage vesszls for cryogenic liquids.
Two types of supports were tested: mualtiple-contact supports in the form of
stacks of thin metallic plates, and nonmetallic spheres. The tests were con-

ducted at a pressure of 1077

mm Hg or less, with the boundary temperatures of
the stack of plates at either 76 and 296°K or 20 and 76°K. The apparent contact
pressure was varied from a few psi to 2500 psi. Plates varying in thickness
from 0.008 to 0.0195 inches were employed in stacks consisting of 52 to 315
plates. Curves were given showing the effects of temperature, pressure, number
of plates, and plate thickness on the thermal contact resistance. The results
showed, that the heat conducted through a stack of stainless steel plates, each
0.008 inches thick at a load of 1000 psi, was only two percent of the conduction
by a solid sample of the same metal having the same dimensions. These results
showed the large resistance present in multiple thermal contacts even at
relatively large apparent contact pressures. Multiple thermal contacts offer
the designer of cryogenic equipment a means of obtaining strong, efficient

insulation.

The only study directly connected with thermal contact resistance in a
space environment was that made by Fried and Costello [22]. The experimental
data they presented were obtained at an ambient pressure of between 10'” and

-6
10 ~ mm Hg. The specimens, in contrast to most other tests, were plates
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5" x 5" with a 1/8" thickness. The specimen materials employed were aluminum
and magnesium. The surface finish ranged from 6 to 65 microinches rms, and the
contact pressure varied between a few psi and 35 psi. The authors indicated that
this covered the range of interest for bare space vehicle joints. However,
according to torque specifications on spacecraft structural fasteners [32], such
a pressure range appears to be too low. PFried and Costello presented data
graphically showing the variation of interface conductance with the contact
pressure. The surface finish, flatness deviation, type of material, and type

(if any) of shim material between the surfaces,. were parameters in these plots.
Later reports [23, 24) also included the effects of silicone grease on the inter-
face conductance. Their results indicated: i) flatness and surface roughness had
large effects on contact resistance; ii) the introduction of & soft shim material
or silicone grease can appreciably improve interface conductance; and iii) the
thermal contact conductance at low contact pressures is very strongly pressure
dependent. At higher pressures their conductance versus pressure curves became
less steep, showing a lesser dependence of conductance on contact pressure. In
general, the various parameters changed between tests and the limited amount of
data presented meke it difficult to differentiate between the individual

influences of the many veriables.

While a large amount of literature exists on the general topic of thermal
contact resistance, little information is available to clarify the mechanics
involved. Most of the data reported have been obtained in the presence of a
conducting fluid. Our present understanding of the problem does not enable us
to separate the interstitial fluid contribution from the total conductance. The
meager data reported on interfaces in a vacuum environment also are of limited
value. Often the test conditions were not completely stated or controlled to

a sufficient degree. It is believed that the failure of investigators of this
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problem to adequately recognize the controlling mechanism and the importance of
several parameters makes their analytical and experimental studies of limited
value. The basis for this statement is given in the remaining sections of this

thesis.

A few references on thermal contact resistance have not been included in
the survey of literature presented in this chapter. They are of minor importance,
especially in relationship to the analysis and results presented in this
investigation. In most cases a review of these additional references has been

given in one or several of the articles listed in the Bibliography.




5. THE MECHEANISM OF HEAT TRANSFER AT AN INTERFACE

When heat is flowing through two members in contact, an additional tem-
prerature drop, AT, will occur due to the presence of the interface. This inter-
face represents an additional resistance to the heat flow which is commonly known

as the contact resistance. By definition the contact resistance, R, is given by:

R - = (3.1)
A h

where q is the heat flux per unit area. The reciprocal of the product of the
apparent contact area, Aa’ and this resistance is called the interface conductg
ance, h.f This quantity is commonly referred to in the literature. Experimen-
tally, AT can be determined by projecting the temperature gradient in both
members to the interface. The projected gradient must be determined in a region

where the disturbance due tc the interface is negligible (see Figure 2).

Contact resistance is a result of the constriction of heat flow to the
actual areas of metallic contact. Large scale constrictions, resulting from
flatness deviation or possible warping, extend the thermal disturbance to a con-
siderable distance from the interface into both contact members. If the average
temperature versus distance plot could be obtained, it would probably sappear
similar to that shown in Figure 2. Fried [23] obtained AT by averaging four
values acquired from distributed temperature readings taken at a distance of

about 0.070" from the 5" x 5" test interface. Such procedure could result in

The conductance, h, which is employed in the field of thermal contact resis-
tance is a misnomer. The common definition of conductance is the reciprocal
of resistance, i.e., C = 1/R.

19
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serious error. The values of AT which Fried reported in his example ranged from

7.6 to 5.9°F; hence, his readings were most likely taken in the disturbed region.

The thermal conductivity, k, of a material is usually a function of its
temperature. In steady one-dimensional heat flow, in the absence of internal
sources, the slope of the temperature versus distance plot, dT/dz, is propor-
tional to the reciprocal of the thermal conductivity. Hence, for variable
conductivity, an appropriate curvilinear extrapolation is required to determine
the specimen temperature at the contact plane, unless the following conditions
are true. If k, = kO,l (1 + alT) and k, = ko’z (1 + 8.2'.[') where ko, g k and

1 1 0,2
a; 2 ae, then a linear extrapolation based on the mean thermal conductivity of
the specimens, as is shown in Figure 2, may be employed. If the asbove conditions
are true, the error introduced by this extrapolation is (Tl - Ti); however, the
error introduced in the other specimen, (T2 - Té), is of the same sign and is
approximately equal (see Figure 2). Thus, the two errors tend to cancel each

other in the calculation of the temperature drop AT, across the interface.

Heat is transferred across an interface by three different modes. They are:
1) thermal radiation, 2) interstitial conduction, and 3) metal-to-metal con-
duction. The subscripts r, f, and c, respectively, will be used to designate
the three modes. These three modes of heat transfer are interrelated. In order
to simplify the discussion and analysis of the problem, they will be considered
as three separate, parallel paths of heat transfer as shown in Figure 3. Thus,

the total interface conductance is:

R R R - (3.2)

The inaccuracies introduced by neglecting the interdependence among the heat

transfer modes will become clear as the development proceeds. Obviously, if
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FIGURE 3
HYPOTHETICAL MODEL REPRESENTING THE THREE MODES
OF HEAT TRANSFER ACROSS AN INTERFACE

one mode is predominant, this simplification will not affect the accuracy of the

results .

3.1 THERMAL RADIATION MODE

The surfaces for the analysis of

YLLL LSS

the heat transferred by thermal

ST T
radiation will be approximated by 6
T
two parallel, gray, plane surfaces & 2’ 22 %
N
(see Figure 4). The radiant heat ANAINAINNANNNNNANNNNANN

FIGURE 4
IDEALIZED MODEL FOR THE ANALYSIS OF
INTERSTITIAL CONDUCTION AND RADIATION

exchange between these surfaces is:
q.r = 51_2 g (Tl4 = T24) (5°5)
vhere o 1s Stefan-Boltzmann's constant; T. and T. are the temperatures of the

1 2

surfaces; and € is the interchange factor due to multiple reflections which

1-2
according to [19] is:

e, = X (3.4)

From Eqs. 3.1 and 3.3 it follows that the interface conductance due to radiative
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heat transfer is:

4 4
h = _EZ;.= e o _Ei__:_jéi__ (3.5)
r AT 1-2 T, -
1 2
2
It 'l‘lT2 - ?m is small, then
~ » 3
h = 4 €109 I (3.6)
Tl + T2
where Tm is the arithmetic mean interface temperature, — - Thus, the

interface conductance due to radiation is a function of the emissivities of the
surfaces and cube of the mean interface temperature. If this mode were important,
the interface conductance would vary considerably with the mean interface

temperature.

The importance of the thermal radiation mode can be ascertained by
examination of Table 1. In this table a comparison is made between hr and the

experimentaily determined value for the interface conductance, h,, for the

+?
stainless steel specimens of Series ls.f Comparisons vere made for the lowest
and highest values of contact pressure employed where the value of hr/ht was
respectively a maximum and minimum. The emissivities of both surfaces were
assumed to be 0.2. Since Tm was approximately the same in both cases, hr was
also nearly the same. Ite value in all cases was approximately 0.25 BTU/hr.ftaoF.
The comparison given in Table 1 between Eqs. 3.5 and 3.6 shows that T1T2 z 2m2
is a valid approximation. The calculated value of hr was never greater than

2% of the total conductance, ht’ for Series ls' Since the stainless steel

specimens of this series had the lowest conductance experienced, the contribution

of the radiation mode was less in other cases. Thus, unless extremely poor

*
The experimental tests have been divided into categories. A list of these

categories is given in Appendix B along with a description of the specimens
employed.
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conductors or very high resistances are investigated, the heat transferred
across the interface by radiation can be neglected. The use of an idealized
geometry in the foregoing analysis, as indicated in Figure k, will not alter

the validity of this conclusion.

Contact | I, | T, T, b, hr/ht hr/ht
Pressure o OR) (OR) ( BT )| g Bq. 3.6
(PSI) ("R) | ( —eiTon | B4 35 Q- 3-
11.1 776 | 596.5 | 686.2 17.2 | 0.0145 0.0144
987 696 | 693 694 .5 2300 1.11 x 1074} 1.11 x 10°¢
Table 1

Comparison Between hr

and. the Experimentally Determined Value of ht

3.2 INTERSTITIAL TONDUCTION MODE

Since the thickness of interstices is in most cases small compared with
their other dimensions, both natural convection and ccnduction parallel to the
interface can be neglected in the calculation of the heat transferred through
the intefétitial substance. Using the same model as was utilized for the

radiation mode (see Figure L), the interstitial conductance is:

k
b, = < (3.7)

where § 1is the distance between the assumed plane surfaces and kf is the
thermel conductivity of the interstitial substance which is usually air.
Other gases, greases, oils, glues, etc., may also be employed as the inter-

stitial material. If & is small, the thermal conductivity of the interstitial
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substance can be quite low, yet the resulting interstitial conductance can be
high, provided the substance adequately flows into the voids. This is the case

with air at atmospheric pressure.

It is the object of this investigation to study thermal contact resistance
in a vacuum or space environment. Thus, it is of interest to determine the
effect of the rarefied gas present in the vacuum chamber on the interface
conductance. Consider again two parallel plane surfaces, as shown in Figure &4,
at temperatures Tl and Te with accemmodation coefficients al and aéq For free-
molecule heat conduction between these plates the heat flux as given by

Kennard [35] is:

9 % Y+ 1 Cvp'
@ = o *a, - a4, 2 (2uRT')l7§7 (Tl B T2) ’
(3.8)
or, since Cv = -§;%?if- and hf = ;ﬁ; R
1
ay v+ 1) R\ °
h, = : ' )

where R is the gas constant, Y the ratio of specific heats, p' the pressure of a
Maxwellian gas having the same density as the gas between the plates but a tem-
perature T', and T' the temperature of a Maxwellian gas corresponding to the mean
speed of the molecules. If ay = Ay, T' is equal to Tm° Equation 3.9 shows that
at a given temperature the heat flux due to free-molecule conduction is directly
proportional to the gas pressure and independent of the distance, &, between the
surfaces. Free-molecule flow is generally considered to exist for a Knudsen
number, —%—, greater than 10 where A\ is the mean free path. Assuming the maximum

value of § encountered in thermal contact resistance studies is 0.002",
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Equation 3.9 is applicable for A\ greater than 0.02". This corresponds to a
pressure less than 100 microns of Hg. In our calculations it was assumed that
@y =a, = 0.9 (Hartnett [29], in his survey of thermal accommodation coefficients,
stated that little data are available on accommodation coefficients for air on

engineering svrfaces. He further stated that one should not place too much

faith on the values near unity reported by Wiedmann and Trumpler)

The importance of free-molecule conduction can be ascertained by an
examination of Table 2. Comparisons of ht with the calculated values of hf are
given for chamber pressures of 1, 100, and 2000 microns of Hg. The value of ht
employed in the calculation of the ratio, hf/ht’ is the lowest experimental
value of the interface conductance obtained (17.2 BTU/hr £t2 0F); thus, this
ratio in most cases is much smaller. The experimental value of ht was obtained
at a pressure of 3 x 10™* mm of Hg. A‘series of experimental tests also were
performed to determine the effects of the chamber pressure on interface
conductance. These data, Series YB’ are given in tabulated form in Appendix C.

The experimental values of h_ reported in Table 2 were determined from:

f
h, = ht(p') - b, (p' = 1u), p' being the chamber pressure. This relation-

f

ship, in the strict sense, is not correct since the presence of the gas causes
& change in hc. However, it does give an indication of the magnitude of hf.
With the present understanding and the improved accuracy of the apparatus, the
effect of free-molecule conduction could be evaluated more accurately. However,
since the present study indicates that the free-molecule conduction is negligible
even at pressures of several microns of Hg, & more sophisticated analysis of this
effect cannot be justified presently. These results clearly show that the heat

conducted across the interface by the rarefied gas in the chamber was negligible

for all the tests conducted in this investigation.

Consider now actual surfaces in contact at zero contact pressure. These
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P’ /6
(v Hg) | (6 = 800 pin.)

b, (Eq. 3.9)
(BTU/hr ££2°F)

b, (exp.)
(BTU/nr £t2°F)

E—‘A(EXP. at

t P'=Oo§!2

1 3000 0.02 0 0.0011
not
100 30 2,0 discernable 0.11
2000 1.5 Lo, 2k + 50% 2.3
Table 2

Comparison of hf Calculated from Equation 3.9 with Experimentally

Determined Values of hf and ht for Various Chamber Pressures

actual surfaces are a series of peaks and valleys; hence, § varies from zero to
some unknown maximum velue. However, the heat flux due to free-molecule con-
duction is independent of 6; thus, Equation 3.9 is still applicable. The
continuum region, on the other hand, becomes considerably more complicated when
rough surfaces are introduced. An effective distance § must be determined which
will satisfy (3.7). At first glance the arithmetic-mean distance 6  may appear
to be appropriate; however, this results in & value of hf which is too small.
Keller [34] calculated 6§ for several assumed surface geometries. For example,
for paraboloids of revolution making point contact at their apices with a smooth
surface, he found § equal tx:)ﬁnl/lo86° Thus, for rough surfaces, it is seen that
the geometry of the surface must be considered. If this conductance is large or
if one simultaneously considers the presence of metal-to-metal conduction, the
surfaces can no longer be considered as isothermal surfaces. In addition, as
was discussed in the previous section, the extrapolated temperatures, Tl and T2,
would not be the average temperatures of the surfaces 1 and 2 respectively.

Since interstitial conduction is negligible and the presence of an interstitial

material is not being studied in the present investigation, these points will
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not be considered in any more detail at this time.

3.3 METAL-TO-METAL CONDUCTION MODE

It has been shown that the heat transferred by thermal radiation and inter-
stitial conductance is small for the conditions of this investigation. Thus,
the total interface conductance is, for all practical purposes, the same as the
metal-to-metal conductance. From now on these classifications will be
disregarded and the term interface conductance with its symbol, h, will be
employed. The model employed for the analysis of the metal-to-metal conduction

mode is presented in the next chapter.




L. A TEEORETICAL MODEL AﬂD ITS ANALYSIS

It has been shown that the contribution to the heat transferred across a
Joint due to interstitial conduction and radiation is negligible for most cases
pertinent to this study. Metal-to-metal conduction plays the dominant role.

The study of the physics and chemistry of surfaces, eleétrical contact resistance,
friction and wear, and thermal contact resistance has revealed the complexity of
this mode because of our lack of understanding of the physical nature of surfaces

and, more specifically, surfaces in contact.

Geometrically flat surfaces are nonexistent. Real surfaces are character-
ized by a series of peaks and valleys. An enlarged section of the interface
formed by two members in contact may appear similar to that shown in Figure 5.
The actual areas of contact are relatively small a.r;d widely separated. The
constriction of the flow of heat to these small areas of contact manifests

itself as a thermal contact resistance at the macroscopic level.

‘\\\\\;T///"”~',"'/};;;///

FiGURE 5
SCHEMATIC REPRESENTATION OF THE CONSTRICTED FLOW
OF HEAT ACROSS AN INTERFACE
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4,1 THE PROPOSED MODEL

For the analysis of the problem, the appsarent contact surface will be

divided into two regions: the contact region and the non-contact region. The

non-contact region, by definition, is the pcrtion of the contact surface which
contains few or no microzcopic contact areas. QOccasional microscopic contacts
are permitted in this region, provided that the heat fransferred through these
contact points ie a negligible portion of the total. The contact region, which
will also be referred to as the macroscopic contacr area, 1s by definition the
portion of the contact surface where the density of the micro-contact areas is
high. The dimensicns of both of these regions will be of tbhe same order of
magnitude ag those of the apparent contact area for normai contact pressures.
The division of the apparent contact area into these two regions is suggested by
the following observations: 1) large scale waviness or fiatness deviation of
the contact surfaces is always present,; and i1) surface warpage occurs 2as &
result of differential thermal expansion and nonuniform mechanical properties.
The size of these regions is governed by the elastic deformation of the contact
members in most casges. This is a consequence of the relatively low pressures

exerted between surfaces in practical jJoints.

The foregoing observations of the nature of contact have led to the belief
that the constrictisn to heat flow due o imperfect metal-to-metal contact may
be represented by two resistances in series: +the large scale or macroscopic
constriction resistance, RL, and the small scale or microscopic constriction
resistance, RS' First the flow of heat is constricted to the large scale contact
regions, and then it is further constricted to the microscopic contacts within

this macroscopic area. Hence, the contact resistance is given by:

R = RL + Rs o ()-i-ol)
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If a film, usually & metallic oxide, is present, its effect should be included.

Thus :
R = R +Rg+R, (k.2)

where RO represents the resistance due to the film existing between the

microscopic contacts.

In previously published studies of thermal contact resistance, the emphasis
was always placed, without exception, on the analysis of microscopic effects.
In order to ascertain the importance of the component resistances in Equation
4.2, an analysis of each will be given. A discussion of their relative impor-
tance will also be given. Clean surfaces will be considered first. An

investigation of the effect of surface films will follow.

4,1.1 Microscopic Constriction Resistance

In the analysis of the microscopic constriction resistance, the following
initial assumptions will be made:
i. the surfaces are free from films
ii. the microscopic contact areas are all circular and of identical
radius, as
iii. the contact areas are uniformly distributed over the contact
region in a triangular array. The distance between the centers
of any two areas is 2bS .
The mathematical problem is to find the solution to the equationV ° (k VT) =0

with the required boundary conditions for the constriction region. For constant

thermal conductivity this equation is:

VBT = 0 (4.3)
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If the solution of this equation with the appropriate boundary conditions is
obtained, the resistance between any two isothermal surfaces, Ac and Ae

bounding an imaginary tube of heat flow, can be determined by:

|T -'1‘
(4.4)

f|5;|“

where n is the normal to the surface. The solution for the constriction

resistance of an isothermal circular area of radius a on the flat surface of a

semi-infinite body was given by Holm /Ref. 31, p. 17). It is:

R = Tax (4.5)

where k is the thermal conductivity of the material. For two semi-infinite
bodies of the same material in contact over a circular area of radius a the

total constriction resistance would be:
R = —t — (4.6)

Holm stated that if both members consisted of the same material and had equal
constrictions, the contact area would be isothermel due to symmetry. However,
the requirement of identical material is not necessary. For dissimilar materials

the total constriction resistance would be:

1 1
R = +
g kl 4 g k2
or
1
R = 5ox (4.7)
m
2

where k = ——jiLjii- o

m kl + k2

For the idealized contact geometry assumed, the total parallel resistance of the
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ns contact points in a particular region can be approximated by:

1
R = —2t (4.8)
8 2 as k.m ns

if as is much less than bs. When as is the same order of magnitude as bs’ it
becomes necessary to determine the effect of the constriction alleviation

caused by the neighboring contact points. Each contact area in its triangular
array has a hexagonal heat flow channel feeding it. This hexagonal channel will
be approximated by a cylinder of radius b_. Roess [50] determined the constric-
tion resistance due to a constant potential circular spot of radius a which feeds
into a coaxial right circular cylinder of radius b. Initially, a cylinder of
finite length L was considered; however, a later assumption resulted in the same
solution that would have been obtained for a semi-infinite cylindrical region.

In addition, although the problem was formulated as the constriction resistance
of a constant potential circular area, the boundary condition he employed was
that the flux distribution across this area was proportional to (1 - i;)'l/Q
where r is the radial coordinate. This heat flux distribution resulted in an
isothermal contact area, unless a/b was near unity. For large values of this
parameter the average temperature of the contact was employed. The results of

the analog study and the next section indicate that this is & good approximation.

Roess' solution is:

R(x) = fL (4.9)

where

g (x) = 1-1.40925x + 0.2959L x® + 0.05254 x° + 0.02105 x'
+ 0.01107 ¥+ ... (4.10)

and x, the constriction ratio, is equal to a/b. Figure 6 shows the variation of
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g (x) with x. Clearly, as x approaches zero, Equation 4.9 simply reduces to
Equation 4.5. By incorporating g (x) into Equation 4.8, the following

expression is obtained for the micfoscopic constriction resistance:

g (x))

= 2a k n *
8 5 m s

(4.11)

Equation 4.11 mey be written in terms of the interface conductance h.

2 &g gm nS
Bt TR A, (h.22)
s’ &
In the present investigation, the apparent contact area Aa is W'bLa, bL being

the specimen radius. The two unknowns involved are as and nso If they are

known, X can be calculated.

Meny of the models presented in the literature (see references 12, 13, 16,
20, and 40) assumed that the asperities carried the load P and deformed
plastically such that the average pressure on them, Pg» equaled the contact

hardness, H. Thus, the load-bearing area or microscopic contact ares, As, was:

A, = - = n Ta, (.13)

Accurate experimental determinations of the microscopic contact area and
the number and shape of these areas are difficult to obtain. No reliable data
on the actual microscopic contact area is believed to exist. Many of the avail-
able data have been determined from contact resistance measurements. These data
are no better than the assumptions involved in obtaining the equation from which
this area is calculated. Therefore, the validity of this equation for rough,
flat surfaces in contact and its applicability to microscopic thermal contacts

is questionable.
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In a vacuum environment there is still the question: how perfect 1s the
microscopic contact area between asperities? There could conceivably be a
spectrum of constrictions and not just the macroscopic and microscopic con-
strictions defined in this analysis. However this does not mean that they are
all of importance. The hypothesized imperfection of the contazt area between
asperities is suggested by Moore's results f47]. He showed that even with
considerable bulk deformation on a macroscopic level, the asperities often
deform very little. Tabor [56] states that hardness values do not appreciably
depend on the surface roughness. This, combined with the results of Moore,
indicates that employment »f & macro-hardness number in Equation 4,13 would not

give the true microscopic contact area.

For contacts between clean surfaces, the quantum mechanicai tunnel effect
will improve the conduction between microscopic contact areas and will also
provide an effective enlargement of this area. The quantum mechanical tunnel
effect provides a significant contribution to the flow of heat across gaps of

o

less than about 20 A (see Ref. 31, p. 429); however, if films are present on

the metal surfaces, this effect will be eliminated or at least greatly reduced.

The next question that arises is whether or not the microscopic contact
areas are formed by purely plastic deformation. Holm {Ref. 31, p. 35)
suggested that the contact pressure between asperities be represented by &EH
in order to include the effects of elastic deformation. He proposed a value of
£ between 1/5 and 1; however, he also stated that values as small as 0.02 have
been obtained by polishing the contact members. The dominance of elastic
deformation for polished surfaces has been substantiated by other investigators.
Haines and Hirst [27] reported asperities from 50 to 100 X in height and
l to 2p in width on polished surfaces. Such asperities could easily be in

complete contact at microscopic contact pressures which'are considerably below
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the hardness, H. Halliday [28] stated that for polished aluminum surfaces
intimate contact could occur over the complete surface before any plastic flow
occurred, except for very limited regions around minute ridges and valleys which
cross the surfaces. Dyson and Hirst [18] found, in their contact aree measure-
ments with polished specimens, that true contact existed over almost the entire
general region of contact, i.e., the macroscopic contact area. Wear experiments
suggest, as was stated by Archard [4), that multiple contacts are formed by

elastic rather than plastic deformation.

In thermal contact problems the microscopic elastic deformation could also
be of importance because surfaces are often made very flat to reduce macroscopic
effects. This results in a large contact area; consequently, the load on
individual asperities is reduced. Furthermore, contact pressures between thermal
contacts are considerably below those which occur in friction problems or in
structural elements. A thermal contact is not stationary, although it appears
S0 on & macroscopic scale. Differential thermal expansion between the two
surfaces, which occurs as a result of changes in the temperature of the members,
is often considerably larger than the height of the asperities. A protuberance
may be plastically deformed at the first encounter with its mating surface;
however, a slight amount of differential motion would cause an increase in the

contact area. The same load may be eventually borne by elastic deformation.

Since the slope of the asperities is larger for rough surfaces, elastic
deformation should not be very important. However, small asperity slopes also
exist for rough surfaces. Halliday [28] reported that although angles of
30 degrees and more occur across the abrasion direction, angles of asperity
slope of 2 degrees and less occur along the direction of the abrasion. The
microscopic contact areas for such surfaces could still be partially formed by

elastic deformatiéﬁ, and they are of elliptical shape. Elliptical contacts
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have a lower constriction resistance than circular ones of the same area
(see Ref. 31, p. 19). The contact areas measured by Dyson and Hirst [18] for

ground surfaces were often found to be highly elliptical.

By replacing the hardness H by &H in Equation 4.13 and substituting it into
Equation 4.12, one obtains the following expression for the microscopic interface

conductance:

which in dimensionliess form reads:

h a
8

k
m

Pa 1
e g (x)

- =
T

= (L.1k)

An equation similar to (4.14k) was previously employed by Boeschoten and

van der Held [12] in their prediction of thermal contact resistance. The

effect of g (xs) was not included in their analysis, ¥ was assumed to be equal to
0.5, and as was taken to be independent of the load. It was determined from

the measured conductance values. The independence of ag with load has been
partially substantiated by the results of Dyson and Hirst. They reported that
the number of contact points increases with load due to an increase in the area
of the contact regions; therefore, the size of the contact was not appreciably
affected. A given microscopic contact may grow with load; however, the addition
of new but smaller microscopic contact areas may result in an average size which

remains relatively constant.

In the light of the foregoing discussion, the following assumptions are made

in order to enable an estimation of the microscopic constriction resistance:

i) An average value of £ = 0.3 ig assumed to take into account both the
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decrease in resistance due to the non-circular contact areas and
the greater contact area due to microscopic elastic deformation.
This value may be low for rough surfaces and is undoubtedly too

high for well polished surfaces.

ii) A value for g (xs) of unity is assumed. Calculations show that
this is a reasonable approximation except for very smooth sur-

faces and for extremely high contact pressures.

iii) The microscopic contact areas are assumed to be independent of
the load, and their average size is assumed to be of the same
order of magnitude as the surface roughness. The latter
assumption is not valid at high loads or for asperities whose
base is considersbly larger than their height. In such cases
as will be larger; however, these effects are partially offset
by: a) the greater importance of elastic deformation for very
small slopes, {thus, £ would be less than 0.3) and b) at large
loads g (xs) becomes steadily smaller than unity. It is clear
from Equation 4.14 that h depends on the product of
(as)(g Vg (xs)]° a_ is still present in the equation below.
When this equation is used, a value of a.s consistent with the

above assumptions mus* be employed.
With these assumptions Equation 4.14 becomes:

h a, 2 P,

” T (k.15)

m

w2

Since the asperity hardness is appropriate, a microhardness number is recommended

for use in Equation 4.15. Diamcnd pyramid hardness numbers were employed in
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this investigation.

4.,1.2 Macroscopic Constriction Resistance

Macreoscopic constriction resistance results from the constriction of heat
flow to the macroscopic regions of contact. This resistance, in spite of its
importance, has escaped the attention of many investigators. Since our know-
ledge of this resistance is still rudimentary, we must be satisfied with an
approximate analysis based on a simple model. The limitations 1mposed by the
simplicity of the model are believed to be outweighed by the extent of the

analysis.

Consider the contact region between two cylinders, of lengtbh L and identical
radius bL’ placed end to end. A single circular contact area of radius &
whose center coincides with thgt of the apparent contact area is assumed. Thus,
the non-contact region is an annulus whose inside and outside radiil are a and
bL, respectively. Since the geometry, as defined, is symmetrical with respect
to the contact plane, the cylindrical region represented by one of the specimens
can be considered. It is shown in Figure 7. Assuming that a perfect contact
exists over the region of radius &, the following partial differential equation

and boundary conditions describe the temperature field:

fr , 1 o | v _ (4.168)
or? T or dz2

Nr,0) = T, 0 < 1 < a (1.16b)
o

- (r,0) = 0, ag < T < b (4.16c)

%(bL,Z) = 0, 0 < z < L (L.164)
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A Nr,L) = T,,

0 <r < b (4.16e)

| it L/bL is greater than
approximately 0.6 (see the results

— by of the analog study, Section 6.2),

the solution given by Roess, as
discussed in Section 4.1.1,

applies. The constriction

= | — 1 ~—r | resistance is given by:
T = T(ryz) g (XL)
= —F{k_ (¥.17)
FIGURE 7

It i n that even if the natur
FINITE CYLINDRICAL REGION 5 see ¢
of contact is fully specified, the
macroscopic constriction resistance
depends on the specimen length as well as the boundary conditions. In other

words, if the macroscopic constriction resistance is of importance, thermal

contact resistance is not a property.

In reality, the macroscopic contact is not a perfect contact due to the
existence of the small scale constriction resistance, Rs’ even if the surfaces
considered are ideally "clean." The presence of Rs alters the heat flux
distribution over the macroscopic contact area. To determine the effect of
Rs on RL’ let us consider the limiting situations. If Rs is very small compared
with RL’ the boundary condition of an isothermal contact plane applies (see
Equation 4.16b). The constriction resistance is then given by Equation 4.17.

If, on the other hand, Rs is very large compared with RL and is uniform over



the macroscopic contact area, it follows that the heat flux through the contact
region is approximately uniform. The equation and boundary conditions given
previously still apply, with the exception of Equaticn 4.16b which should now

read:

-k 5, (r0) = g, 0 2 1 = & (4.18)

where 9 is a constant. In this case., the definition of the thermal resistance
given by Equation L.L is no longer appiicable. Based on the temperature at the
center of the contact area, Holm (Ref. 3i, p. 21) obtained the following

expressions for the coastriction resistance. FHis asclutions are only valid for

small values of . For the uniform flux contact:
L,

= —— X, < 0,01 , R >> R

(.19)

and for the. uniform temperature contact:

RL=—1+_}€—I-:—’ xL<0001., Rs<<PL
(4.20)
These indicate a 25% difference in the constriction resistance for the two
cases; however in evaluating AT the employment of the temperature at the center
of the contact area results in a vaiue of the constriction resistance of the

uniform flux contact which is too large.

Let us consider the resistance between two surfaces which may not be
isothermal planes. Consider & differential stream tube {heat flow tube) under

the condition of steady heat flow in the absence of internal sources {see Figure

8). An energy balance gives:
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where ’ﬁl and ﬁg are the outward
drawn normals and EJ. and 52 the
heat flux vectors. By definition,
the thermal conductence of the

differential stream tube is:

- A -
-Gy ° 0y dA) 9 * b, dA,
ac = T - T = p - F
1 2 3 )
FIGURE 8
(4.21)
DIFFERENTTAL STREAM TUBE
the total conductance is:
o - gy B % - By a4,
t b T, - T, A T, - T,
2 (4.22)

Thus, for the region given in Figure 8 and the boundary conditions given by

Equations 4.16c, 4.16d4, 4.16e, and 4.18, the total conductance is:

&, 2 Tr 9 dr
€t = T(r,0) - T ° (4.23)
o 3

The constriction resistance RL is:

R n't 2k
L
or
R = 1 - = Lz . (k.2h)
& 2mrq, ar Tb 2k
™r,o) - T
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Let aL/r =y and T(r,0) - T, = AT(y) + AT, where AT  is the temperature drop

3 1 1
which would occur if (W'aLa) q, passed through the cylinder of length L without
being constricted, i.e., AT, = S Q. T aLa . With these relationships,
1 gp2 t
L

Equation 4.24 becomes:

1

T ————————— l -
T aL2 q J(l 2
o Aﬂy§+AL

If L is large such that AT, >> AT(y), then the denominator of the integral can

ATy . (k.25)

R =

L

be approximated by the first two terms of its binomial expansion.

AT
Ry, = 12 J.l . - AT
W-aL q 1 -./- 2y %;%Xl dy
o 1
which may be simplified further to:
1
2y AT(y) dy
R, 2 o . (4.26)
Tar® q

Roess [50], in examining the influence of the heat flux distribution on the
local temperature over the circular contact area, found and reported the tem-
perature distribution over this area for six values of x (0 to 0.5) and four
different distributions of the heat flux. These results were obtained from
numerical calculations. Using his tabulated results for the case of uniform
heat flux, RL wvas determined from a numerical integration of Equation L.26. The
results are given in Table 3. The values for the constant temperature boundary
condition are included for comparison. It is interesting to see that the

constriction resistance of the two different problems is practically identical.
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T = const.| OT/dz = const. This result, which apparently
(Eq. 4.16) (Eq. 4.26)

was not previously realized,

x =0 R = 220 R = 9-252 has & significant bearing on the
&Lk aLk
0.11k 0.116 calculation of the macroscopic

x = 0.4 RL=? RL= aLk

constriction resistance. It

indicates that the macroscopic

1
Teble 3 constriction resistance is,

Influence of the C c i
uence of the Contact Boundary Condition within limits, independent of

n the C icti ist
on the Constriction Resistance the magnitude and radial
distribution of the microscopic constriction resistance for the model considered.

On the basis of this finding, Equation 4.16 will hereafter be employed

regardless of the value of Rs'

For two cylindrical regions in contact over a circular, concentric region

of radius &, the total comstriction resistance becomes (see Equation 4.16):

g (x ;) g (x 5)

RL = 3 —y + . k2 . (4.27)
o 1 = bpo = b
g (x)
e (4.28)
RL 2 aL k.m

where k is again the harmonic mean of k.l and 1\:2° The interface conductance, h,
m

in dimensionless form is:

hbd 2
L *L
= ° (11‘529)
k_ T g (xiy

Figure 9 shows the variation of th/km, with the constriction ratio X . This

figure clearly shows the low conductance obtained for small values of X - Since
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h is proportional to km, this is especially true of poor conductors such as

stainless steel.

The contact area associated with the large scale comstriction region is
governed by elastic deformation of the contact members. In order to ascertain
the change of area with load, the flatness deviation of the specimens will be
simulated by spherical caps of radii Ty and Tss situated on the end surfaces of
the cylindrical specimens (see Figure 10). Their centers lie on the centerline
of the specimen which 1s also the axis of the applied load. The distance, 4,
from the base of the spherical cap to the apex, as shown in Figure 10, will be

called the equivalent flatness deviation. Since the flatness deviation of a

surface is usually very small compared to its other dimensions, the radii of

the spherical surfaces of interest are extremely large. Thus:

e (1:20)

The ratio of the equivalent flatness deviation to the radius of the specimen is
the significant quantity in the R &d/u

a f . |
analysis which follows. As a con- f i bL :
sequence of the spherical geometry, —’1 ‘E.r'_ :
the flatness deviation, d, or the |
ratio, d/bL, can be misleading in f~— by,
describing the flatness of the
contacting portions of the apparent

contact area. For example, in many

instances X is less than 0.5. In
FIGURE 11

this region of the apparent contact
SPECIMEN FLATNESS DEVIATION

area, the flatness deviation is less

than d/4 as is shown in Figure 11.
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The geometry of the contacting surfaces has been defined. It remains to be
determined how the macroscopic contact area varies with the load exerted between
the contacting members. The classical problem of the determination of the
contact area between two spherical bodies in elastic contact was solved by

Hertz [59]. The radius of the circular contact is:

1-v.2 1-4v.2
a=[%( Ell+'E22)(il+i)J
(4.31)

vhere v is Poisson's ratio, E the modulus of elasticity, P the load, and r the

radius of the sphere. In deriving this equation it was assumed that the dimen-
sions of the bodies in contact were large in comparison with the radius of the
boundary of the surfgce of contact. For this reason Equation 4.3l can be
applied to our model only for small values of Xp . For larger values of X the
value of ay predicted from this equation is too high. The results reported in
Chapter 6 seem to indicate that Equation 4.31 is applicable for'xL less than
approximately 0.65. Further work remains to be done to enable the.prediction

of aL for X greater than this value.

Employing Equation 4.30, r can be eliminated from Equation 4.31. For most
metals one may assume v,% = v,% = 0.1. Inaccuracies in the value of v will have

only a minor effect on a. With these, Equation 4.3l becomes:

o - [y (Ee) (G da)]lb’

1
xp < 0.65
or, since x; = aL/bL and p, = -——f—;- ’
w
L
Py b\ 11/3 ¢
x, = 1.285 {(T) (j;;‘)} » %X, < 0.65 (4.22)
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where Em is the harmonic mean of the moduli of the two contacting materials and
dt = d1 + d2, i.e., the total equivalent flatness deviation. The dimensionless

group (Pa/Em)(bL/dt) will be called the elastic conformity modulus and is

designated for convenience by the Greek letter ¥. Its significance in thermal

contact problems is discussed in Section 4.3,

By substituting Equation 4.32 into Equation 4.29, the following equation is

obtained for the Biot number h bL/km:

Bb, 2% (2)(a.e85) (¢
K Te (x) T g(1.285 51/3)
or
h bL
o o) ,  x, < 0.65 (k.33)

The macroscopic constriction resistance in dimensionless form becomes:

km A Lm 1 ¢ (4 34)
= = < 0.65 .
B b, b, () ’ 1

where ALm may be interpreted as the additional length of the contgct members

required to produce the same resistance as the interface.

Figure 12 was plotted from Equation 4.33 to show the variation of the
dimensionless conductance, th/km, with the elastic conformity modulus, Y.
Alternatively a resistance plot is given in Figure 13. Resistance plots are
often employed in this investigation instead of the more common conductance plot
for the following reasons:

i) It does not mask scatter at low values of conductance. Low conductance

regions are more important and should be emphasized. This is the

area where the adverse effects of thermal contact resistance must
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be considered.

ii) When the resistance is expressed in terms of the equivalent length,
it presents a more vivid demonstration of the importance of the
thermal joint. Conductance values have been reported which amount
to an equivalent resistance of only a few thousandths of an inch
of material. Such low resistance interfaces are clearly of no

importance to the designer.

The slope of these curves is particularly illuminating. For very small

vatues of x., g (x.) ¥ 1, and Equation 4.33 reduces to:
* 8V

/
hk:L - 0.819 [ (2:) (_;’_3_)]1_3 (k.35)

1/3

which shows that under this condition the interface conductance varies as pa .
In actuality, such small values of X, are rare; however, this does explain the
highly nonlinear variation of h at small values of P, that is exhibited in the
experimental results. If Equation 4.33 is expanded, an expression of the follow-
ing form is obtained for th/km vhich is valid for X less than approximately
0.65 (limitation due to Equation 4.32):

h bL

X

= Al pal/3 + A2 pa?/E + A3 P, + Ah pah/3 + coee
(4.26)

where Al’ A2, .+o are independent of Py The first term of this equation is
identical to Equation 4.35. The coefficients of the higher order terms are
relatively small; however, as p, becomes large, these terms gain importance.
This explains why the variation of h with contact pressure becomes linear for
certain ranges of contact pressure as is exhibited in Figure 12. If Equation

k.33 is employed in the evaluation of h for X, greater than 0.65, the variation
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of h with Py again becomes nonlinear. As X, increases, this nonlinearity
becomes quite pronounced. If the correct variation of ar with Py were known so
that it could be employed in the evaluation of h, this nonlinearity would not

be as pronounced.

The effect of the presence of a conducting fluid on the macroscopic con-
striction resistance and on the total interface conductance will now be
considered qualitatively. The addition of & conducting fluid would provide a
path for the conduction of heat through the otherwise non-contact regions. This
path could cause a considerable increase in the total heat flow through the
interface. It not only contributes its conductance, l/Rf, but it also decreases

RL' Thus, by substituting 4.29 into 5.2, the total conductance becomes:

1 2 o’ km
Aa ht = "R + gZaE?b (D)

£ /L
where bL' is the diameter of the adiabatic surface which divides the heat that
flows through the macroscopic contact area from that which flows through the
non-contact region. Perhaps a more tractable approach is to simply consider
that the presence of the conducting fluid causes an increase in ay, to an
effective value, aL'. The totel conductance in this case becomes:

2 'k

8\8y, /7

4,1.3 The Effect of Surface Films

Films are always present on metallic surfaces. They vary widely in proper-
ties and thickness; hence, their resistance to the flow of heat and electrical
current also varies considerably. The insulating effect of surface films in
electrical contacts 1s known to cause severe disturbances. Holm [31] in his

book on electrical contacts gives an excellent treatment of surface films and
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their effect on electrical contacts. Knowledge of the effect of surface films on
thermal contacts; on the other hand, is meager. Several investigators have

shown that a considerable increase in thermal contact resistance occurs when
relatively thick films are present on the surfaces (see, e.g., references 53

and 55) However, the effect of relatively thin films on freshly machined sur-

faces is not known. Fenech and Rohsenow [20] stated:

"Films of oxides, always present on metallic surfaces; do not appreciably
affect the thermal resistance of a contact, but has a major importance on
the electrical resistance. This comes from the fact that although the
thermal conductivity of oxides is not greatly different from the con-
ductivity of the base metal, the electrical conductivity of oxides are
considerably smaller than the one of the base metel (theory of semi-

conductors)."”

These arguments mey be valid for an interface in the presence of a conducting
fluid. However, heat flow for interfaces in a vacuum environment is confined
to the relatively small areas of actual contact which results in a large heat
flux through these areas. The film effects in this situation may no longer be

negligible.

Assuming that the contact model employed for the analysis of the micro-
scopic constriction resistance applies, the resistance due to the presence of

a film over the microecopic contact areas becomes:

R = ———— (4.37)

In this equation, p is the resistance across a unit area of the film; n is the
number of these microscopic contact areas; and as is their average radius. If

the film is of thickness 8, which is large enough to prevent conduction by the
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quantum mechanical tunnel effect, p can be replaced by:

P = 4 (4.28)

where ko is the intrinsic conductivity of the film. On the other hand, if s is
very small, then the tunnel effect furnishes a heat flow independent of ko, even
if ko vanishes. Holm [31] discusses conduction by the tunnel effect and the
calculation of p for this case. The reader is referred to this excellent book

for more detailed information.

In the analysis of microscopic constriction resistance, Equation 4,13 was
employed to determine the microscopic contact area. When it is substituted into

Equation 4.37, the following equation results:

R = —LS&H (4.39)

This equation for the estimation of film resistance should be used with great

caution because:

i) According to Holm (Ref. 31, p. 159) films are partially ruptured
when the microscopic contacts are formed. The extent of rupture

does not lend itself to analysis or even specification.

ii) Determinations of the thickness and uniformity of thin films, which
are of interest in this study, are not reliable. It is also

difficult to control the thickness of these films.

iii) The ability to determine the "actual" contact area by the employ-
ment of an equation such as Equation 4.13 is subject to question.
This was partially discussed in Section 4.1.1. When applied to
the analysis of microscopic constriction resistance, the contact

area, n T asa’ could consist of 99% "holes" and still not affect Ra'
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In the case of film resistance, however, this is no longer true.
When one deals with distances of a few angstroms or a few atomic

diameters, what is a "contact" area?

4.2 THE RELATIVE IM~SIANCE OF MICROSCOPIC AND MACROSCOPIC CONSTRICTION

RESISTANCES

As previously tated, the overall resistan+ - the flow of heat due to

the presence of an interface can be represen-ed by a sum of three resistances in

series:

R = RL.&RS*RO

All three of these resistan-es are not always important. Ideally, contact
problems could be divided into regiors where one ot the above three resistances
drminates and where two or perhaps all three of t'.em are of importance. In the
literature almost all studie< have concentrats- solely on the analysis of RS.

RL ard Ro have been grossly overlooked.

Since at the present time the magnitude of the film resistance cannot be
estimated with any certainty, the relative importance of only the macroscopic
and microscopic comstriction resigtances will be examined. The magnitude of the
film resistance can only be determined experimentally. To facilitate discussion,
the ratio RL/Rs will be considered. From equations 4.15 and 4.33, one readily

finds:

- (4,40)

Pa \ [ Pp)
o2 () =Y
Re (%)

To <valuate this ratio, H, Em’ bL, dt’ and a must be known. These quantities

depend on the materials employed, the specimen geometry and the surface finish.
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Since the material and specimen design are usually known, all of these quantities
can be easlly ascertained except ag. It was assumed that a.'s is independent of
the load and that the average size of the microscopic contact areas is of the
same order of magnitude as the surface roughness. These assumptions were dis~-
cussed in Section 4.1.1. Since R, is a function of (as)(g)[g(xs)], it was
concluded that the error introduced through an incorrect value of & is often

partially canceled by the resulting value of (g)[g(xs)]o

Table 4 gives calculated values of RI../ R, for the materials and specimen
geometry employed in this study. Representative values of dt/bL and a_ vere

used. The materials which were used cover a wide range of E and H; thus these

R /R

m -
Pa.rameters‘ Brass g::iejn_le“ Magnesium |Aluminum

2a = W
Pa = 100 6l 49 80 k9

pa = 200 78 65 88 58

ps = 100 39 38 L 29

156 130 176 116

Pa = 40O 78 65 88 58

*y ag 1s given in microinches and py is given in psi.

Table 4
Comparison Between Macroscopic and Microscopic Comstriction Resistances.
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comparisons should be representative of most metallic interfaces. In addition,

this ratio was found not to vary greatly for the materials that were utilized.

The values of RL/Rs given in Table 4 show that the macroscopic constriction
resistance 1s approximately two orders of magnitude larger than the small scale
constriction resistance. Although there are many assumptions involved in the
calculation of Rs’ it is difficult to see how these results could be in error

by even as much as an order of magnitude. Hence, it is concluded that in many

cases the resistance due to the small scale constrictions is negligible, and

the macroscopic constriction resistance is the dominating resistance. All pre-

vious investigators of thermal contact resistance have placed the emphasis on
the analysis of microscopic effects in the development of their models. In the

light of the foregoing analysis, it is doubtful that their models can be valid.

The experimental investigation which follows was designed specifically for
the analysis of the macroscopic constriction resistance. The theoretical curves,
with vhich the experimental data were compared, include only the effects of

this resistance.

4.3 PERTINENT DIMENSIONLESS PARAMETERS AND THEIR SIGNIFICANCE

The application of dimensional analysis to heat transfer problems has
enabled many experimentors to correlate their data and to rationally plan new
experiments. Dimensional analysis has been especially popular in the field of
convection. Recently, an attempt was made by Graff [26] to correlate extensive
thermal conductance data using the dimensionless groups, hpa/kp and pa/H
where p is the material density. It was found that the data could not be
correlated in these coordinates. This was attributed to the omission of a sur-

face roughness parameter.
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From the analysis presented in this chapter, one naturally arrives at the
dimensionless parameters pertinent to the problem. If macroscopic constriction

resistance is dominating, the relevant dimensionless groups are (see Equation

L.33):

h bL
i) — -- Biot modulus
m
. pa, /b]'_,\
ii) % = = \—a—j) -- elastic conformity modulus
m t

The Biot modulus is a measure of the relative importance of the thermal
contact conductance to the internal conductance. Since km/h has the dimension

of a length, the reciprocal of the Biot modulus is expressible as:

k AL
m - m
h bL bL

As pointed out earlier, Alhlnmy'be interpreted as the equivalent length of the
contacting members required to give the same resistance to heat flow as the

interface. The elastic conformity modulus, %, is the ratio of elagstic defor-

mation to the flatness deviation. It is & measure of the degree of conformity

of the mating surfaces at the macroscopic level.

If the microscopic constriction resistance was dominant, the relevant

dimensionless groups would be (see Equation 4.15):

h as
i) = -- Biot modulus
m
P P
i1) -8 _ 8 .
H P

The dimensionless group, Pa/H’ can be thought of either as a ratio of the
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macroscopic stress, pa, to the microscopic stress, ps, or as a ratio of the

microscopic contact area, As’ to the apparent contact area, Aa.



5. THE EXPERTMENTAL APPARATUS AND PROCEDURE

Experimentally, the thermal contact resistance was determined by passing
an initially uniform heat flux, q, through an interface and determining the
additional temperature drop, AT, due to the presence of this interface. It is
shown in Section 6.2 that the constriction resistance becomes independent of
L/bL if this ratio is greater than approximately 0.6. A ratio of L/bL of
5.5 was employed in this investigation. Since the study of thermal contact
resistance in a vacuum environment was of concern, the specimens were placed in
a small vacuum chamber. The load was applied to the test column by means of
a loading pin. A vacuum seal between this pin and the chamber wall was effected
by employment of a brass bellows. A general view of the apparatus is given in
Figure 14 (the diffusion pump had not been installed at the time this picture
was taken). Figure 15 is a schematic diagram of this installation. A repre-
sentative sketch of the test column is given in Figure 16. The test specimens
consist of two cylinders which are 1 inch in diameter and 2-5/h inches long.
Five thermocouples were mounted in each specimen to determine the axial
temperature gradients. A typical set of specimens is shown in Figure 17. A
combination heat source-heat sink (see Figure 19) is located at both ends of the
specimen set. This design was employed principelly to enable the reversal of
the direction of the heat flow without distqrbing the test interface. The

various parts of the experimental system will now be considered.

5.1 THE VACUUM SYSTEM

The test chamber was constructed of materials with desirable vacuum pro-

perties. Thermocouples with Teflon insulation were employed. They entered the
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chamber through Kovar glass-to-metal seals in which they were anchored by means

of red sealing wax. It was possible to seal the thermocouple wires without

removing the insulation. Initially, the chamber was evacuated solely by means of

a 1405 H Welch mechanical pump. Curves showing the evacuation rate are given
in Figure 19. Later a Consolidated Vacuum Corporation type VMF-20 oil diffusion
pump was added. Using only the mechanical pump, the ultimate vacuum was
approximately 8 x 10 * mm of Hg. With the addition of the diffusion pump, a
pressure of sbout 6 x 10-6 mm of Hg was obtained after only a day of pumping.
The ultimate pressure was approximately 3 x 10-6 mm of Hg. A curve showing the
evacuation rate after the diffusion pump was installed is also given in Figure
19. All the pressure messurements were made with a Philips PHG-09 vacuum

gauge.

Most of the experimental data were taken after the diffusion pump was
installed. However, since it has been established that a pressure of one micron
of Hg is sufficiently low for our purposes, data taken prior to the installation
of the diffusion pump are included. The use of the diffusion pump increased the
pumping speed, and the high vacuum it created virtually eliminated the small
heat loss due to the residual, rarefied gas. In practice, a day or two was
allowed for the complete outgassing of the test interface before its thermal

resistance was measured.

5.2 THE LOADING MECHANISM

The apparent contact pressure exerted between the test specimens is one of
the most important variables affecting the contact resistance. The contact
pressure in these tests was varied from approximately 10 to 1000 psi. This
Pressure range was established with the aid of the thermal contact resistance

measurements reported in the literature and the torque specifications for the
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Renger series spacecraft [32]. 'The pressure was applied by means of & dead-
weight lever system which eliminated additional loading due to thermal expansion.
Small corrections were applied to account for the atmospheric pressure acting
on the loading pin and for the weight of the elements in the column ebove the
test interface. The load due to the weight of the lever arm and loading pan
was also carefully determined. In order to make the loading effects of the
cooling water flow lines small, a flexible coil was constructed from thin-wall,
small diameter tubing (see Figure 18). A load cell which consisted of four SR 4
strain gauges mounted on a 1" diameter tube was employed in place of the
specimens in order to determine the magnitude of the frictional forces in the
loading system. By a comparison of the readings indicated by the load cell
vhen the load was approaching some pre-selected value from either below or
above, and when the lever arm system was subjected to slight vibration at that
load, the effect of the frictional force was ascertained. These measurements
showed that the frictional forces varied from approximately 15% to 3% of the
total applied load as the load varied from a few psi to approximately 1000 psi.
However, these measurements also revealed that most of this frictional loading
could be eliminated by a slight vibration of the lever arm system after the
column was loaded and had attained steady conditions. An analysis of the possible
error of the loading system indicates that at the lowest value of contact
pressure (approximately 10 psi), the error in p, should be less than 2 psi, i.e.,
20%. At the highest value of contact pressure (approximately 1000 psi) , the

error in p should be less than 2%.

5.3 PRODUCTION AND MEASUREMENT OF THE HEAT FLUX - ATTAINMENT OF STEADY CONDITIONS

A combination sink-source was located at each end of the test column (see

Figure 16). It consisted of a relatively heavy block of oxygen-free high
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conductivity copper. A 100 watt, 3/4" dismeter, hermetically sealed cartridge
heating element was installed inside this block. A multi-channel passage alsoO

was provided for cooling water circulation.

During the early stages of the development of the test apparatus, the heat
flux was determined from the temperature gradients in the heat meters which were
cylinders 1" in diameter and 1-3/4" long. For reasons to be seen shortly, the
specimens were lengthened and the heat meters removed. It was found that the
heat loss could be predicted with greater accuracy than anticipated, which,
coupled with inaccuracies in determining the temperature gradients in the origi-
nal arrangement, revealed the superiority of the present design. The heat flux
was determined in this design by subtracting the heat losses from the power
input that was obtained from the simple relation P = E2/R (this equation does not
assume a power factor of 1). The voltage was determined by a multiple range
Weston voltmeter whose accuracy was within 1/4 of 1% of the full scale reading.
Thus, E2 was never in error by more than ohe percent since all readings were
above half scale. R was measured with an ESI Universal Impedance Bridge. The
error of this instrument for resistance measurements was less than 0.1%. Al-
though the resistance of the heating elements varied several percent from room
temperature to the maximum operating temperature, it presented no difficulties
since the resistance measurements were made at the operating temperatures. A
small correction was also made for the lead resistance. The calculated power

input was in error by less than one percent.

In order to determine the heat flux, Q, the heat losses must be known. The
heat losses from the column are a function of the temperature of the various
elements in the chamber, the ambient pressure in the chamber, the chamber wall
temperature, the load on the column and the emissivity of the specimens' sur-

faces. An accurate prediction of the heat losses was anticipated to be
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difficult; thus, the early design employed heat meters. Later it was determined
that the heat losses were relatively small and could be estimated accurately.

The latter was possible because:

i) The heat loss due to the rarefied gas in the chamber was negligible
at the normal operating pressure.

ii) The heat loss varied almost linearly with temperature; thus it was
possible to estimate losses based on a temperature difference
instead of the absolute temperature.

iii) The heat lost by the specimens was a small portion of the total loss

because of their low emissivity and relatively small surface area.

The heat loss data given in Figure 20 were obtained by determining the tem-
perature at which the heat loss was balanced by the power input. Some of the low
load data were obtained by replacing the specimens with a small diameter steel
rod. This means was employed to differentiate between the heat lost by the
specimens and the total heat loss. These data also showed that the heat loss
from two identical combination source-sinks was approximately the same. Figure
20 inclﬁdes data for both high and low column loads. Hence, the load effect on
the heat loss was known. The data presented in Figure 20 were obtained before
the installation of the diffusion pump; however, later data showed that a further

reduction in chamber pressure caused & negligible change in the total heat loss.

By employing the data of Figure 20, it was possible to estimate the heat
loss from the test column with an error of less than 15% except for tests run
at elevated chamber pressures. If the contact resistance was small, a 15%
error in the heat loss resulted in an error in the heat flux which ranged from
1 to 8% for the materials employed in this investigation. When the contact

resistance was large, or when a test was made at an elevated chamber pressure,
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the specimens were employed as heat meters. In this case the heat flux was
determined from the temperature drop across tbe specimens and the previously

determined thermal conductivities.

The thermal conductivity of all materials employed, except stainless steel,
was determined to an accuracy of a few percent by averaging the values obtained
from several tests. These data were believed to be more accurate for the par-
ticular specimens empioyed than the available data in the literature. Stainless
steel has a low conductivity; hence, a determination as accurate as those of the
other materials was not possible. For this reason, more weight was placed on
the thermal conductivity date reported in the literature for this material. It
can be seen in Appendix A that the agreement between the data from the literature

and the measured conductivities is generally good.

Using the procedures discussed, it was possible to determine the heat flux
to an accuracy within 8%; in most cases, the error was less than 3%. Further-
more;, it remained relatively constant from test to test; hence it did not mask
the influence of the variables under investigation. The accuracy could be further

improved if a more meticulous analysis and control of the heat losses were made.

The method employed for evaluating the interface conductance requires that
all measurements be made after the system attains steady state. Thus, it was
essential to have a constant power input, constant cooling water temperature and
constant values of interface conductance. The power input was maintained
constant by means of a Westinghouse induction voltage regulator. An autotrans-
former was employed to select the desired voltage level. To enable very fine
voltage adjustments, a small variable resistor was placed in series with the
load. By means of these elements a stable power input at any desired level was
obtained. There was only a small amount of fluctuation in the cooling water

temperature; thus, no regulation was necessary. As an illustration, it was
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noted that during the last series of tests the difference between the maximum
and minimum sink temperatures encountered over a period of twelve hours was
only 1.5°F. The cooling water flow rate was purposely kept quite large to -

minimize the influence of its fluctuations on the sink temperature.

It was observed that the thermal contact resistance in most cases was, for
all practical purposes, independent of time; however, some variation with time
was noted for magnesium at all loads and stainless steel at very light loads.
This was detected from the monitored potential difference between the thermo-
couples on the two sides of the test interface. The variation of the thermal
contact resistance exhibited by magnesium was caused by the creep of the contact
members. Since its effect on the total resistance of the column was practically
negligible, no difficuity arose in the determination of the contact resistance at
& given time. The fluctuations experienced with stainless steel at light loads
was probably a result of the effect of thermal strain. Section 6.1.3 gives a
brief discussion of this phenomenon. Due to the difficuity of obtaining steady
state conditions for stainless steel, the smallest load was not attempted in
several series. The error in the data reported may have been several percent

as & consequence of these transient effects.

5.4 TEMPERATURE MEASURING TECHNIQUE

Since the accuracy of the determination of the interface conductance is
greatly dependent on accurate temperature measurements, much attentlon was
focused on this aspect of the experimental problem. All temperature measure-
ments were made with #30 gauge copper-constantan thermocouples. Special
precision wire was employed and calibrated to within an accuracy of OoloFu
This was done in a special laboratory furnace using & 25 ohm platinum Thermohm

as the standard. A Leeds and Northrup 8686 millivolt potentiometer was employed
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for measuring the thermal EMF of the individual thermocouples. Within the tem-
perature range of interest, its maximum error is epproximately 3 microvolts,
which corresponds to about 0.159F. A 24 point Leeds and Northrup selector switch
made convenient the successive reading of the thermocouples. All thermocouples
had individual cold Junctions. Copper-constantan quick change conneétors were
utilized to facilitate changing specimens. They eliminated possible error due

to the introduction of additional junctions. Judging from the results of the
calibrations and the accuracy of the equipment employed, the relative accuracy
of any particular thermocouple should be within approximately O.lSoF. However,
an important and difficult problem still remains. Does the test Junction assume

the temperature of the substance being measured?

In an effort to achieve a satisfactory solution to this problem, the follow-
ing steps were taken. Number 30 gauge thermocouple wire was employed to minimize
conduction of heat through the thermocouple wire. The selection of this par-
ticular size was based on correspondence with a Leeds and Northrup Field
Engineer [49]. Smaller wires tend to exhibit adverse EMF characteristics caused
by the wire drawing operation; they also break easily. The thermocouples were

mounted in 0.046" diameter holes drilled 5/8" deep in the 1" diameter specimens.

In the presence of a conducting fluid, a thermocouple mounted in sﬁch a
hole readily assumed the temperature of the specimen; however, a correct tem-
perature reading was more difficult to obtain in a vacuum environment. Following
procedures reported by several investigators (see references 7 and 61), the
thermocouple was initially fixed in the small hole with copper dental cement.

To check the accuracy of the thermocouple installed in this manner, a small
voltage was applied to the two heating elements connected in parallel; hence
both ends of the test column became heat sources. It was observed that the

entire column eventually reached a nearly isothermal condition when the power
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input Jjust balanced the heat loss. However, at a temperature level of 290°F,
random variations of the order of 40°F were exhibited by the thermocouples in
the same specimen. Silver amalgam, an allpy used for dental fillings, was then
tried. The results were considerably better; however, the accuracy of the
thermocouple readings deteriorated with time until errors of several degrees
became common. This was probably caused by the mercury coming out of solution
and evaporating when the alloy was subjected to the temperature levels employed.
Reference 36 stated that silver amalgam is unstable at temperature levels

greater than approximately 180°F.

Finally, after further searching and testing, the following mounting pro-
cedure was adopted and found satisfactory. The thermocouple was inserted into
the hole and small pieces of lead foil were tamped around the junction. Tamping
was done by hand employing a small metal drill. The hole was filled with lead
to a depth of approximately 5/8 of an inch. The remainder was filled with epoxy.
Tt was employed only to reduce the chance of forming a new Jjunction near the
specimen surface, which could occur if the Teflon insulation on the thermocouple
wires was damaged. With this procedure, the errors in the thermocouple readings

were found to be less than approximately 0.29F,

Another source of error in the temperature measurements was due to
uncertainties in the location of the thermocouple junction. The diameter of the
twisted junction of number 30 gauge wire was approximately 0.020 inches. It was
placed in & 0.046 inch diameter hole (#56 drill). Thus, the thermocouple junction
could have been located 0.013 inches from the cénterline of the hole. In
addition, the location of the hole was possibly a few thousandths of an inch in
error. These uncertainties could have resulted in errors as large as 1°F in

this investigation.
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Macroscopic constrictions at the interface between specimens give rise to
appreciable radial temperature gradients in its neighborhood. These result in
what appear to be errors in the temperature readings of the thermocouples near
these interfaces. Such local disturbances in heat flow cause difficulty in
determining the desired undisturbed temperature gradient for the determination
of the temperature drop, AT. This problem has been greatly reduced by increasing
the length of the specimens and using a small amount of silicone high vacuum
grease in all Joints except the test interface. Figure 21 illustrates the
magnitude of this disturbance which was experienced before the above corrective

measures were taken.

In projecting the temperature gradient in a specimen to the interface,
attention must be given to the curvature in this gradient resulting from the
variation of the thermal conductivity with temperature. In some instances
appreciable error would result if this curvature were overlooked. All the
materials investigated exhibited a variation of the conductivity with tempera-
ture; however, by employing the procedure outlined in Chapter 3, this difficulty

was removed.

Curvature in the temperature gradient can also result from two other sources:
nonhomogenous specimens and heat losses from the specimen®s surface. The thermsl
conductivity of tempered metals, such as 2024Th alumihum, changes with time due
to annealing, even at the temperature levels of this investigation. For example,
Reference 15 stated that the conductivity of 2024Th would increase by approxi-
mately 25 percent if it was annealed at 375°F for a few hours. This effect also
was revealed by test series 8, (these results are discussed in Section 6.1.4).
Since the temperature of the portion of the specimen nearest the source is the
highest, the annealing effect in a test series would be the greatest in this

region. Thus, the existence of temperature gradients will result in & thermal
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conductivity gradient. It is difficult to take such effects into account.

In a vacuum, heat loss from the specimen’s surface was only by radiation.
It was small since the surface was highly polished. In general, it produced a
negligible effect on the axial temperature gradient; however, the effect was
detectable in the case of stainless steel specimens, particularly when the heat
flux was low. It had to be considered in evaluating the temperature gradients

for this material.

In conclusion; it can be stated that if the thermal contact resistance is
moderate or high, the accuracy with which AT can be determined by the procedure
established in the present investigation is adequate. On the other hand, if
conditions are such that the contact resistance encountered is very low, a more
sophisticated apparatus and procedure would be required. Considering the combined
effects of all sources of uncertainty, the overall experimental error in the
determination of AT is not believed to exceed 2°F. The relative error is con-
siderably less. Some of the difficulties discussed above had not been completely
resolved when part of the data reported in this study was taken. Thus, for

test series lB through 7B and also 1, and 2,, an error in AT as large as 3°F

A A’
may have been present. Fortunately, the contact resistance encountered in

these early series was usually large; thus the data were acceptable.

5.5 SPECIMEN DESCRIPTION - MEASUREMENT OF SURFACE PARAMETERS

Figure 22 gives the dimensions of the specimens and the thermocouple
locations. Three different procedures were employed in the preparatibn of the
specimens® test surfaces. They were: 1) hand polished on a rotating disk
charged with lapping compound, 2) lapped by hand on an optically flat surface,

or 3) lapped on a commercial lapping machine. Surfaces of flatness deviation
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varying from a few microinches to several hundred microinches were obtained. The
surface roughness of these surfaces was generally over 12 microinches, rms; thus
they had to be polished before optical measurements of flatness were possible.
The surfaces were hand polished on an optically flat surface covered with a
Buehler nylon polishing cloth, using O.Q/LAlgoa powder along with a copious
supply of water. The surface roughness obtained in this manner was about 3
microinches with the exception of a few deeper scratches on some of the surfaces.
The degree of irregularity of the interference fringes provides a measure of the
roughness (see Reference 58). Optical roughness determinations were slightly
lower than the profilometer-measurements. This was probably & result of the
inclusion of the deeper scratches in the root-mean-square value which the

profilometer indicated.

Two procedures were employed to determine the macroscopic contour of the
test surfaces. First, a specimen holder with an optically flat base was con-
structed. It was wrung to the lapped table of a Pratt and Whitney Electrolimit
Gage. By moving the test surface under the gage head, the flatness deviation
wasg ascertained. Since the flatness deviation was large for the brass specimens,
it could be determined with sufficient accuracy by this procedure. These
surfaces were later polished and the contour checked by the optical method. The

agreement between the two velues was within 10%.

For smoother surfaces, the optical procedure was superior. Both the surface
contour and flatness deviation could be determined from the observation of the
interference fringes. Between the center of one dark band and the center of
the next dark band, the level of the work has risen or fallen 11.6 millionths of
an inch relative to the surface of the optical flat (helium monochromatic source).
Figure 23 shows an enlargement of the interference pattern on a specimen whose

equivalent flatness deviation is approximately six fringes. The sphericity of
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the surface was estimated from the relative distance between the fringes. The
surfaces were found to be approximately spherical after lapping; however, the
magnesium specimens became nonspherical after testing &s & result of creep.
When the specimens were within one or two fringes of being flat, no accurate
way of checking for sphericity was known. It was estimated that when 4 was
between 1 and 3 fringes, the accuracy obtained was within 25%. When d was of
the order of 10 fringes, the accuracy was within 10%. A precision, laboratory-
quality optical flat must be used in these measurements. Not all commercial

flats available are acceptable.

The material hardness was measured using a Tukon microhardness testing
machine. These results are given in Appendix A. The effect of the indentor

load is also given.

5.6 THE CONDUCTIVE - LIQUID ANALOG SYSTEM

To provide a convenient means of investigating the geometrical aspects of
contact on the thermal constriction resistance, a conductive-liquid analog was
constructed. Specifically, the influence of the distribution of the macroscopic
contact area, the size of this area and the length of the contact members on the
macroscopic constriction resistance was studied. The conductive-liquid ansalog
makes use of the well known analogy between electrical and thermal quantities.
A photograph of the analog used in this study is given in Figure 24. Distilled
water with a resistivity that ranged from th to 2 x 106 ohm-cm was employed
as the electrolyte. To simulate the cylindrical geometry of the actual test
specimens, the electrolytic tank was constructed of a cylindrical Lucite tube.
Assuming symmetry with respect to & diameter of the contact area, it was
sufficient to employ a semi-cylinder. Since the resistivity of Lucite is

several orders of magnitude higher than that of the electrolyte, these surfaces
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accurately simulated the adisbatic condition. The electrodes, which were
Pabricated from etched and graphited brass plates, were placed at both ends of
the tank. They gave the desired constant potential boundary conditions. The
ratio of the specimen length to its radius could be readily changed by moving
the electrodes. A thin sheet of Mylar, 0.002 inches thick, was placed into &
central groove of the tank to simulate the contact plane. The macroscopic
contact area was represented by a hole or series of holes cut in this Mylar
sheet. The resistance between the two electrodes with and without the Mylar
sheet was determined with an ESI model 250-DA universal impedance bridge. In
this measurement, an AC potentiél up to 15 volts and of one kilocycle frequency
was applied across the electrodes. The reason for an AC voltage source was to
avoid polarizetion at the electrodes. The constriction resistance, RL, was
obtained from the difference of the two resistance measurements. The accuracy

of the system is demonstrated and the results are presented in Section 6.2.

i




6. EXPERIMENTAL RESULTS

The model employed in this analysis involves many assumptions. The complex
nature of the problem and our limited understanding of the various mechanisms
governing it do not permit a detailed study at the present time. This is
especially true since the microscopic properties of the contacting surfaces can
be prescribed only in terms of statistical quantities which are not completely
established. Considerable weight, therefore, must be placed on the experimental
investigation. A prudent analysis of the experimental results is required to
test the validity of the assumptions and to assess the relative importance of

several factors involved.

Four different materials with widely different properties were employed in
the investigation. The results will first be considered individually. Later

these materials will be compared and a discussion of their traits will be given.

6.1 CONTACT RESISTANCE MEASUREMENTS - COMPARISON WITH THEORETICAL PREDICTIONS

6.1.1 Brass Specimens

Figure 25 shows the variation of interface conductance with apparent contact
Pressure for the three different brass specimen sets tested. The total flatness
deviations for these specimens were not considerably different. The variation
in the interface conductance exhibited is, to a large extent, due to differences
in the mean interface temperature which ranged from 160°F to 340°F. This
resulted in a considerable difference in Em and km. Figure 26 shows a comparison
of these data with theory. The theoretical curve was obtained from Equation

L.34, The resistance in terms of the equivalent length, AL , varied from

85
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approximately 6 inches to 0.6 inches for the bare brass inte:faces tested.
Inasmuch as the total equivalent flatness deviation, dt’ was relatively large,
the elastic conformity modulus, %, for these tests at any given load was rela-

tively small.

The overall agreement between date and theory was considered very good.
The small deviation shown in Figure 26 cannot be attributed to any single cause.
It appears to be mainly a result of error in the determination of dt and

uncertainties in the values employed for Em and km.

Several investigators reported large differences in thermal contact resist-
ance with a change in the relative orientation of the surfaces. These differ-
ences are easily explained when the properties of macroscopic constrictions are
considered. On the other hand, the data presented in Figure 27 show the effect
of the orientation to be small in this investigation, which follows from the
.geometry which was employed. The small increase in conductance for Series hB
after the upper specimen was rotated 90? over that of the premier loading,
Series 23, is attributed to changes in‘Em and km, due to the gradual annealing

of the specimens with time, and also to creep of the contacting members.

Figure 28 shows the influence of silicone high vacuum grease on the inter-
face conductance. Series lB was the bare interface; Series SB was the same
interface after the addition of the silicone grease. The thermal conductivity
of the grease was approximately 1.5 times that of air at atmospheric pressure
[57]. The significant increase of the interface conductance in the presence of
the grease was due to the effective increase in the macroscopic contact area
(see Section 4.1.2). In one test at an apparent contact pressure of 29 psi,

a further increase of approximately 30% was experienced in the interface con-

ductance when the grease filled interface was exposed to atmospheric pressure.
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This indicated that the interfacial voids were not completely filled with grease.
The scatter of data at large values of contact pressure, as shown in Figure 28,
was due to experimental errcr. At P, = 950 psi, the equivalent resistance in
terms of specimen iength, ALm, was only G.1". The corresponding temperature

drop across the interface was less than 60 F.

6.1.2 Magnesium Specimens

Magnesium alloys are widely used in the comstruction of space vehicles.
For this reason alcne it appears desirable to include them for study. In
addition, their low modulus of elasticity provides & useful means of testing the
validity of the proposed model. At the mean interface temperature level of these
tests, the modulus is approximately 6.1 x 106 psi which is about one fifth that
of steel. Thus, with the same initial geometry and apparent contact pressure,
the macroscopic contact area will be considerably larger for magnesium than for

the other materials tested.

Approximately & month elapsed between the polishing of the specimens of
Series ]‘M and the placement of these specimens into the vacuum chamber. During
this time a visible film formed on the test surfaces. Sinc¢e the possible effects
of such a film were of definite interest, these specimens were tested without
being repolished. The r-salte are shown in Figure 29. If these data are com-
pared with the theoretical prediction according to Equation 4.33, no agreement
will be found. This is to be expected since the film resistance plays a major
role, end, due to the relatively small flatness deviation, the macroscopic

constriction resistance is small.

The specimens of Series ].M were removed from the vacuum chamber and re-

polished. Besides removal of the film, the repolishing operation caused an
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increase in the total equivalent flatness deviation. A comparison of the inter-
face conductance of the specimens before and after they were repolished (series
lM and 2M’ respectively) is given in Figure 29. It shows an order of magnitude
increase in the interface conductance value in spite of the more than doubled
flatness deviation. This lends support to the contention that the high contact
resistance exhibited in Series lM was mainly due to the film resistance. It

is also seen in Figure 30 that good agreement with theory was obtained for the
freshly polished specimens. Series 3!4 also consisted of freshly polished
specimens but with a larger flatness deviation. Again, relatively good agree-

ment with theoretical predictions was obtained.

The magnesium specimens exhibited a change, with time, in interface conduct-
ance due to ~reep. The occurrence of creep was revealed by: 1) the continuous
decrease, with time, of the contact resistance during a given test run under
otherwise fixed conditions, 1i) the greater conductance observed during
unioading (see Figure 29), and iii) the change in the total flatness deviation
observed before and after a test sérieso In the comparison of the data and
theory shown in Figure 30, the total flatness deviation was based on the
measurements taken before the test series for the loading curve and after the

test series for the unloading curve.

In all tests of magnesium interfaces, the contact resistance in terms of the
equivalent length, AL - varied from 17 inches to 0.06 inches. The latter occurred
in Series 2M at an apparent contact pressure of only 311 psi. The corresponding
temperature drop across the interface was only 5°F. Some of the experimental
data in Figure 30 are seen to lie below the theoretical prediction. It is most
likely that this deviation is due to the combination of error in dt and the
effect of nonspherical contacting members that resulted due to creep.
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6.1.3 Stainless Steel Specimens

Stainless steel interfaces were studied because: 1) stainless steel is
frequently employed in the comstruction of vacuum apparatus and ii) such con-
tacts, in the absence of a conducting fluid, exhibit low values of interface
conductance due to the combined effects of low thermal conductivity and high
modulus of elasticity. Again these extreme properties provide a good test of

the proposed model.

The data from two sets of stainless steel specimens are given in a dimen-

sional plot in Figure 31 and compared with theory in Figure 32. Series 2, had

S
a total flatness deviation of 40 microinches, whereas Series 58 had a total
flatness deviation of 150 microinches. The dimensional plot shows that the
magnitude of the interface conductance was low compared with that of the other
materials tested. This was the expected consequence of the small value of k for
this steel (k 2 9.5 BIU/br £t %). In the case of the stainless steel specimens
the creep was small. Ko difference between the flatness before and after a
given test series was detected, and the interface conductance was independent

of time. Thus, as was expected, Series 35 showed no variation in the conductance
between loading and unloading. However, a variation was experienced for the
flatter specimens of Series QS. This is shown in Figure 31. It is a consequence
of RL not dominating completely; although, as is shown in Figure 32, the agree-
ment with theory was not bad considering the small value of dt" The agreement
between the theoretical predictions and the experimental data of Series 38 is

good.

The total flatness deviation of the stainless steel specimen sets that were
tested was indeed small, i.e., compared with common engineering surfaces and

many of the interfaces studied in the literature. Small values of flatness
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devietion were purposely employed in order to obtain & small macroscopic
constriction resistance; thus it was anticipated that the effects of the
neglected film or microscopic comstriction resistance would be seen. These
effects were of some importance in Series 28’ but they could be clearly seen in
Series ls. The specimens of this series were polished nearly cne month before
they were tested. In addition, dt was only 25 microinches. The resulting
contact resistances were higher than the predicted values. These data are given

in Appendix C.

A considerable amount of fluctuation in the measured data was experienced at
low contact pressures in series 2S and 38° For this reason contact resistance
measurements were not made below an apparent contact pressure of 29 psi in these
tests. After the completion of Series 35, a low contact pressure run was carried
out in mcre detail. The results of this test series (hs) are given in Appendix
C and in Figure 33. The phenomenon observed was ncteworthy. The interface
conductance fluctuated in a cyclic fashion. Before analyzing these results,

consider the conditions under which this test was carried out.

The power imput was adjusted to obtain the desired temperature level. The
veriation in heat flux was estimated to be less than 1%. The load was adjusted
to give an apparent contact pressure of 29.2 psi. The cooling water temperature
was essentially constant throughout the entire test which lasted approximately
4O hours. The temperature drop across the interface fluctuated in an essentially
cyclic fashion with varying amplitude. The period appeared to be constant and
approximately equal to 1.5 hours. The source temperature fluctuated with
approximetely the same period and was almost in phase. The amplitude of the
temperature fluctuation was greatest in the neighborhood of the interface. This
suggests that changes of the interfacial conditions were responsible for the

observed fluctuations.
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The foregoing cobserved variations of the contact resistance can be explained
in terms of the thermal strain. When the resistance is high, the temperature
gradients near the interface are large which results in a greater thermal strain.
This is hypothesized tc cause an increase in the contact area which is
accompanied by a reduction in the comstriction resistance. This in turn would
cause a decrease of the temperature gradients and hence a reduction in the
thermal strain as well as an increase in the constriction resistance. The

sequence of events will then be repeated.

Why this phenomenon was observed only for the stainless steel interfaces is
not fully understood. It may be a consequence of the difference between the
thermal diffusivities of these materials. {The reciprocal of the diffusivity is
a measure of the time required to heat a material to some required temperature
level.) The thermal diffusivity of the stainless steel employed is approximately
0.17 £t2/hr, whereas the other materials used had values which were approximately

an order of magnitude larger.

6.1.4 Aluminum Specimens

Aluminum surfaces in the presence of oxygen are known to be covered with
transparent, tenacious oxide films. The formation of such films is rapid;
they grow to a thickness of 20 K in a few seconds and, even at room temperature,
soon reach a thickness too great for conduction by the quantum mechanical tunnel
effect (see Ref. 38, p. 114). It would be of interest to examine the effect of
such films on the contact résistance for both smooth and rough surfaces. To
determine the flatness deviation of rough surfaces, the following two procedures
wvere employed. The test surfaces in Series lA and 2A were lightly polished,

after the conductance measurements were made, to enable the use of optical

measu;ements. Judging from the evenness of the polish, it appeared that the
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original macroscopic surlace cdntaur m not altered during the repolishing
operation. The specimens of Spries 7, and BA were first highly polished and the
flatness deviation determined. ﬁe surfaces were then roughened by sequential
etcﬁing in sodium hydroxide, hydi'oéhlbrié a.cid; and hydfdfinoﬂc‘acid solutions.
The surfaces were rinsed with water between each treatment. Roughnesses of 45

and 80 microinches rms were produced on the two specimens in this manner.

Profilometer measurements indicated that the roughness was relatively uniform.

The experimental results of Series 1,, 2,, 7,, and 8A are compared with the
theoretical predictions in Figure 34, Since the data of the rough aluminum
surfaces showed that the differences between the conductance measurements taken
during loading and unloading were small, only the loading data are given in
this figure. The specimens of Series lA were used in Series 2,; however, before
this series was conducted, the upper specimen was rotated 90°. Likewise, the
specimens of Series TA were used in Series 8 A Between these series, the
specimens were annealed at 400°F for seven hours in the vacuum chamber. This
caused a change of approximately 13% in the thermal conductivity, which in turn
caused an increase in the conductance. Since in a dimensionless plot the effect
of the change in k 1s removed, little difference can be detected in Figure 3%
between Series 7A and 8A’ For the rough specimen sets, the total flatness
deviation was approximately 230 microinches. In general, the agreement between

data and theory for these rough surfaces was good.

The surfaces of the specimens employed in Series 5, through 6A were polished
to a smooth finish similar to that of the magnesium and stainless steel specimens.
In these series, only the total equivalent flatness deviation was varied; it
ranged from 20 to 220 microinches. The results are shown in a dimensional
plot in Figure 35. The data for the roughened surfaces of Series 7A are in-

cluded for comparison. Figure 36 compares the experimental data with theory for
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these smooth aluminum specimens. The disagreement is obvious. At first glance
it may be somewhat surprising to see that the data for the rough surfaces agree
well with the theoretical predictions, while those for smooth surfaces do not.
Upon closer examination of Figure 36, it is seen that the data drew continually
closer to the theoretical curve as the flatness deviation was increased. Nearly
half of the data of Series 6A is already within 50% of the theoretical values
which account only for the macroscopic constriction effect. As conditions
became more favorable for the dominance of the macroscopic constriction resist-
ance, which occurred at large values afdt, the agreement was invariably better.
The foregoing observation suggests that besides macroscopic constriction
resistance, the film and/or the microscopic constriction resistence are operative

at the smooth aluminum surfaces.

By considering Figure 35, it can be seen that the conductance initially
increases as dt is increased. However, at the larger values of dt & decrease
takes place and the shape of the experimental curve again resembles the theo-

retical prediction. The dominance of RL is again seen.

The following arguments seem to indicate that the additional resistance of

importance in Series 5A, hA, SA and éA was mainly the film resistance:

i) Comparing similar values of d, and p,, this additional resistance is
more predominant for aluminum than for stainless steel. If micro-
scopic constriction resistance was important, the dominance should be
very similar for both materials, since, as was shown in Section 4.2,
the ratio RL/RB is approximately the same. On the other hand, film
resistance could be greater for aluminum since its film eliminsates
conduction by the quantum mechanical tunnel effect, which according

o]
to Mott [48] is possible if the film thickness is less than about 40 A.



i1)

1i1)

iv)
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Stainless steel should still conduct by this mechanism.

The magnitude of the additional resistance seems too large to be
attributed to Rs’ For example, in Series 3A the contact resistance
was almost 100 times larger than the theoretical value. On the

other hand, the analysis given in Section 4.2 indicates RL/R,8 is of
the order of 100. Thus, the model from which R8 was celculated
would have to be in error by over a factor of 1000 to account for the

large resistance obtained in Series BA.

The decrease in the contact resistance for the rough surfaces of
Series 7A as compared to the smooth surfaces of Series 6A cannot

be attributed to microscopic constriction resistance. This resistance
should increesse with an increase in roughness. However, rougher
surfaces should result in more plastic deformation and, consequently,
greater film damage. It was observed in figures 3l and 36 that much
better agreement with theory was obtained for rough surfaces than for

smooth surfaces.

The improvement of conductance with a reduction in the macroscopic
contact area appears logical if film resistance were the dominant
portion of this additional resistance. A greater concentration of
the load causes a larger amount of plastic deformation; hence a
greater amount of film damage occurs. The microscopic contact areas
also become more intimate when the microscopic contact pressure Ps’
is increased. More intimate contact could reduce the film resistance
by: &) causing a reduction in the tunnel resistivity, b) causing an
increase in the contact area on a submicroscopic level and c) causing

a decrease in any transition resistance which may be present.
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6.1.5 Comparison of Materials Tested and Further Discussion of Results

Obviously, since the model proposed only includes the effects of macroscopic
constriction resistance, it will always fail if the contacting members are
sufficiently flat. Because the value of dt at which RL is no longer dominating
and also the magnitude and nature of the quantity (R‘3 + Ro) which then becomes
important are of interest, very flat surfaces were_investiga.ted in this study.
With the exception of the brass surfaces that were tested early in the program,
the surfaces studied were generally flatter than engineering surfaces and those
investigated in the literature (see Section 7.2). The total flatness deviation
in the later tests ranged from 20 to 230 microihches. This means that the average
flatness deviation per specimen ranged from 10 to bllS microinches. In many of
the tests the diameter of the macroscopic contact region was less than half the
diemeter of the specimen. In this region of the contact plane, the total flat-
ness deviation was never greater than 60 microinches, which is an average of only
30 microinches per specimen. Thus, macroscopic constriction resistance probably
dominates the thermal contact resistance of engineering surfaces and those
studied in the literature even more completely than the surfaces studied in this

analysis of macroscopic effects.

The value of the total flatness deviation at which the macroscopic
constriction resistance is no longer dominating will now be considered. The

experimental results have shown the following:

i) Brass: R was the dominating resistance at a value of d, = 780

microinches. Smaller values of dt were not studied

for this material.

ii) Magnesium: RL was the dominating resistance for dt > 80 microinches

for freshly polished interfaces. One value of dt
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less than 80 microinches was investigated; however,
the test surfaces were covered with a visible sur-
face film which caused an appreciable amount of
film resistance. RL may still dominate the thermal
contact resistance for values of 4, < 80 microinches

t
if the surfaces are freshly polished.

1ii) Steinless Steel: R was beginning to dominate at d = 40 microinches.
For this material and surface finish, 4O microinches
seems to be the limiting value of dta The extent
of the dominance of RL for this case can be seen in

Figure 32.

iv) Aluminum: The aluminum interfaces tested were dominated by another
resistance until a value of dt of 220 microinches
was reached, at which point RL agein began to
dominate the coantact resistance. Rougher surfaces
resulted in better agreement with theoretical
predictions than smooth surfaces, as can be seen

in Figures 34 and 36.

Before further comsidering the limit of the range of the dominance of RL,
let us consider what resistance becomes important in the case of these flat
contacting surfaces. The discussion which was given for aluminum in Section
6.1.4 indicates that for this material the additional resistance was probably
composed mainly of film resistance. Many of these arguments can also be applied
to magnesium and stainless steel.

Aluminum and stainless steel surfaces in the presence of oxygen form films

o
very rapidly up to thicknesses of about 100 and 15 A, respectively (see Ref. 31,
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pp. 30 and 109). At these film thicknesses the growth at room temperature
virtually stopé. Consequently, no date with a known difference in the film
thickness were obtained for stainless steel or aluminum; hence, the importance
of these films was difficult to ascertain. However, magnesium interfaces with

known differences in the surface film were tésted. Let us consider these results.

The magnesium specimens of Series lM had visible films on the test surfaces.
The conductance was very low for this condition; however, when these surfaces
were repolished, the conductance of the interface increased approximately ten-
fold (see Series 2:4)' Since the surface finishes were practically identical for
both Series J]d and éM’ it seems logical to conclude that the additional resist-
ance of the interface in Series JM is due to the surface film. The microscopic
constriction resistance could have been affected by repolishing only if this
resistance were a function of the macroscopic contact pressure, 1 (pL = pa/xLa)'.
However, consider the data of Table 5 which compares tests from Series lM and %
with approximately equal values of P Both the load and the macroscopic

contact area of the test of Series 2M are less than half of those of Series lM'

Series p, (psi) | oy, (psi)| % (BTU/h? £t2 °F)
(visible f£ilm) | 157 272 0.76 344
2y : 67 290 0.48 1450
Table 5

A Comparison of Series J‘M and Series 2M at Equal Values of 153

Both of these effects should cause the conductance of the test of Series 2}4 to

be smaller; however, the interface conductance is over four times higher than
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that of the test of Series lM' This, in the writer's opinion, is conclusive

evidence that the additional resistance present in Seriesg;Mﬁis composed pre-

dominantly of film resistance.

With the present understanding of the effects of films and microscopic
constriction resistance; a definite range for the dominance of RL cannot be
given. If the surface films were sufficiently thick, they could dominate the
thermal contact resistance of an interface even at extremely large values of
flatness deviation. For freshly polished surfaces, the data given in the

previous sections give an indication of the range of the dominance of RL.

By comparing the results for the various materials; creep was found to
cause, with time, a discernible decrease in the contact resistance only for
magnesium. This combined with its low modulus of elasticity results in relatively
high conductance interfaces for magnesium. For example; in Series 2M a conduct-
ance of 900 BTU/hr £t2 °F was obtained at an apparent contact pressure of 28 psi.
This value is over five times greater than any value reported by Fried [24] at
this apparent contact pressure including his data for silicone grease filled
interfaces. These data demonstrate that with an understanding cf the mechanisms,

high conductance interfaces can be rationally produced.

Since both contacting members in these experiments were made from the
same material, the change of the macroscopic contact area due to the effects of
thermal strain should be small; however, for dissimilar materials this may no
longer be true. (If the thermal and mechanical properties of both specimens are
the same and indépendent of temperature, symmetry with respect to the contact
plane would cause the axial thermal strains to cancel.) An an;lytical investi-
gation of the influence of thermal strain on the contaét area 1s currently being

performed under the direction of Professor A. P. Boresi in the Department of
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Theoretical and Applied Mechanics. Thermal strain may be a reason for the
direction of heat flow affecting the' thermal contact resistance in contacts

between dissimilar metals.

The data for all the materials investigated are compared on a single
dimensionless plot in Figure 37. The ramges of dt/bL for the data given in this
plot are included in the figure. For spherical contacting surfaces, macroscopic
constriction resistance was shown, ‘both theorétically and experimentally, to be
significant if the elastic conformity modulus, Y%, is less than approximately
0.2, f‘or geometriéé other than spheriéé.l surfaces, this resistance still may

be significant for considerably higher values of X .

6.2 CONDUCTIVE-LIQUID ANALOG MEASUREMENTS

The objective of pursuing a conduétive-lithid analog study was stated in
Section 5.6. To ascertain its accuracy, the constriction resistance of a
circular contact area of radius &> concentric with the apparent contact ares
of radius bL was measured. This simple geometry was chosen to enable & compar-
ison with the theoretical results given by Roese [50] (see Equation 4.9).
Figure 38 shows such a comparison. The dimensioniess i*esistﬁ.nce, AL ‘/"bL
= k m/h bL’ is employed for the ordinété, and the constriction ratio, . X is
employed for the abscissa. The agreement between the theoretical curve and the
experimental data was very good. This lends support to the validity of the
assumption used by Roess in his snalysis (see Section 4.1.1). The deviation

between the data and the theoretical predictions is less than 5%.

Assured of the accuracy and feasibllity of the amalog measurements, the
effect of the eccentricity of the macroscopic contact area on the constriction

resistance was studied. Such knowledge is of value in interpreting the results
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of the thermal constriction resistance measurements. The results of this study
are shown in Figure 39. Data are given for several different values of the con-
striction ratio, Xp . In general, the influence of the eccentricity on the
constriction resistance is not very large. At small values of x & large amount
of eccentricity is possible; however, its influence on the constriction resist-
ance is small (as xL goes to zero, it becomes independent of the eccentricity).
It has a greater influence vwhen X, is large, but the maximum possible amount of

eccentricity is then small.

In the study of the physical nature of thermal contact resistance, it is
the local phenomenon at the interface which is of interest. Therefore, the
geometry of the test specimens and the imposed thermal boundary condition should
be such that the experimental data can be correctly interpreted. Therefore, the
influence of the length of the cylindrical specimens used in this investigation
on the macroscopic constriction resistance was of interest. The conductive-
liquid analog offered a convenient means for such study. The results are shown
in Figure 40. It can be seen that when L/bL was greater than approximately 0.6,
the macroscopic constriction resistance was virtually unaffected by the specimen
length. It can also be seen that the influence of the length was more pronounced
when the constriction ratio was large. As the length, L, goes to zero, the
macroscopic constriction resistance also goes to zero (this can also be shown
theoretically). Thus, if the constant temperature bouhdary condition at z = L
could be maintained, this would be a means of eliminating the macroscopic
constriction resistance in order to enable an experimental study of the
remaining resistances. The effect of the specimen geometry on the measured
thermal contact resistance has not received the attention it deserves by many
investigators. It oftentimes has lead to a misinterpretation of data, or data

which could not be analyzed.
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6.3 DISCUSSION AND ANALYSIS OF EXPERIMENTAL ACCURACY

The accuracy of the primary measurements was discussed in detail in
Chapter 5. Here, the overall accuracy of the measured conductance, h, which is
a function of the apparent contact pressure, Pgs will be considered. Since the
dimensionless parameters, AL m/bL and the elastic conformity modulus, ¢, are
employed in the comparison of theory with experimental date, the accuracy with

which these parameters can be determined will also be analyzed.

Experimentally the interface conductance, h, is determined from the temper-
ature drop, AT, across the interface and the heat flux, g, through the specimen.
Its accuracy at low contact pressures is limited by that of determining q and
at high pressures by that of determining AT. The accuracy of determining q, as
explained in Section 5.3, is approximately 8% for the worst conditions. Thus
for low values of contact pressure, the accuracy of h is within 8 percent. At
high values of the contact pressure, the experimental error can become so large
that the results would cease to be meaningful. As an example we cite Reference 1
in which negative temperature drops were reported. In the present investigation,
contact pressures higher than those which resulted in a temperature drop less
than 3°F were not studied. AAT of 3°F was equivalent to & resistance in terms

of ALm of less than 0.1 inches for the conditions of these tests.

As discussed in Section 5.4, the absolute experimental error in the
determination of AT is not believed to exceed 2°F. (Some of the early tests 3
which are listed in Section 5.4, may have had errors as large as 3°F.) The
relative error is less than 2°F. By comparing the thermocouple millivolt
readings, relative changes of 0.1l to 0.2°F 1in the temperature drop across the
interface can be detected. This procedure was often employed to determine

variations in contact resistance: i) during loading and unloading, ii) during
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an individual test, and iii) between relatively large loads.

If the dimensionless conductance or resistance is considered, error in the
determination of the harmonic mean thermal conductivity, km, must be included.
From the measured values of the thermal conductivity and the values reported
in the literature, it was ascertained that the error in km could be as large

as 5%.

The interface conductance is highly dependent on the applied load. The
accuracy of the determination of the apparent contect pressure was discussed
in Section 5.2. At low loads, Py is acourate to within 2 psi. This would be an
error of 20% at 10 psi. At high loads the error in Py is less than 2%. If one
considers the elastic conformity modulus, (Pa./Em)(bL/ dt)’ two additional sources
of error arise., First,let us consider theiha.rmonic mean modulus of elasticity,
Em' In this analysis values for the modulus of elasticity were taken from the
literature. From the information available, which is discussed in Appendix A,
it was estimated that the error in Em could be as large as 5%. The major source
of error in the determination of Y was probably due to error in the determination
of d‘t' The error in dt varied from approximately 25% at small velues of dt to
10% at large values of dt’ These values include the effect of non-sphericity of

the contacting surface.

The percentage error in several of the measured quantities may seem large;
however, considering the nature of the problem and our understanding of it at
the present time, the overall measurement accuracy achieved is satisfactory.
The most irritating error is that present in AT when the contact resistance is
very low; however, from & practical standpoint, extremely low contact resistances
are of no interest since they can be ignored in many applications. It is

pertinent that the errors in many instances are much less than their cited
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values, and they are not at random. Very small changes can often be determined

with good reliebility during a given test or test series.



7. A CRITICAL COMPARISON BETWEEN PUBLISHED STUDIES
AND THE PRESENT ANALYSIS

T.1 THEORETICAL MODELS

To the writer's knowledge, all published analysis on thermal contact
resistance assumed that the actual areas of contect were uniformly distrib-
uted over the entire apparent contact area. The total actual contact area
was determined from an equation similar to Equation 4.13, i.e., by assuming
some type of relationship between the hardness of the material, the load,
and the actual contact area (the microscopic contact area, Ag). Examples are
the models presented by Cetinkale and Fishenden [4], Boeschoten and van der
Held [12], Fenech and Rohsenow [20] end Leming [40] . They have been briefly
discussed in Chapter 2. Fenech and Rohsenow considered surfaces of two types
of roughness with different frequencies. As & sample situation they gave
the case of one type of irregularity resulting from the shearing action of
a cutting tool (high frequency irregularities) and the other due to low fre-
quency vibrations in the machine tool or workshop structure. Both irregu-
larities were assumed to be uniformly distributed over the contact surface.
For the longer wavelength irregularities, they suggested that elastic defor-
mation theory be employed until the onset of plasticity, at which time the
procedure employed for surface roughness is applicable. However, no further
development on this aspect of the problem was reported in the later work done
at M.I.T. (see reference 1, 21, 30, 41, 42). Their emphasis was placed on the
development of analog and statistical methods for the analysis of the geometric
parameters assoclated with surface roughness. The comparison made between ex~
perimental data and their theory was based on a single type of irregularity.
In their experimental studies only surface roughness values were reported. The

possible flatness deviation of the specimens was not given.
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Thus, it appears that the elastic deformation of the contacting members
and the macroscopic constriction resistence has been grossly overlooked by
investigators in the analysis of thermel contact resistance. However, evidence
has been obtained in this investigation that such resistence is of importance

end, in meny instances, is dominating, especially for engineering surfaces.

Since the various models postulated in the literature consider only the
microscopic effects, their application should be limited to extremely flat
surfaces or mating surfaces of ideal conformity. For interfaces in air under
these circumstances, the conductances are usually very high. For example, if
Tfilm resistance is neglected and only fluid conduction is considered, the

equivalent length of this contact resistance would be:

1\:.m 5
AL =
m 1:.f

where & 1s the effective fluid thickness defined in Section 3.2. Some

representative lengths of this resistance are given in Table 6.

ALy ALy,
5 Stainless Steel Aluminum
10 pin 0.006" 0.0hs"
200 pin. 0.12" 0.9"
Table 6

The Equivelent Contact Resistance

Considering Only Fluid Conduction
: BTU

k =103 k = 80° = 0,017 - units:
( 8.8. > BAL ’ kair 7 br % )
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First consider the agreement between the theory and experimental data
presented by Fenech and Rohsenow for interfaces in air. To the writer's
knowledge, only two sets of data from nonideeslized metallic surfaces in con-
tact have been compared with their theory. Reference 20 gave a comparison
for an armco-iron/aluminum interface. The contacting surfaces were roughly
machined with a fly-cutter. Both surfaces had a reported roughness of 150
microinches rms, maximum. No value of the possible flatness deviation of thesge
surfaces was mentioned. Macroscoplc effects must have been of importance at
thelr lower values of contact pressure. The contact resistance was low; the
corresponding equivalent length, ALy, varied from approximately 0.037 inches
to 0.54 inches. At the high values of contact pressure, their calculations
show that only h% of the heat flows through the voids. In the light of the
analysis and experimental results presented in the present study, this smell
contribution of the conducting fluld seems to be a direct consequence of the

idealized model of the contacting surfaces they employed.

A more recent publication [30] gave a comparison with theory for a stain-
less steel Iinterface. A definite attempt was made to obtain flat surfaces;
however, again no velue of the possible flatness deviation was given. The
surfaces were ground to & mirror finish by Blapchard Machine Company in order
to assure "flatness." They were treated later by blasting with glass spheres
to produce surface roughnesses of 45 and 65 microinches rms. The reported
conductance ranged from approximately lO3 to 10h BTU/hr £t2 OF. This repre-
sents reslstances in terms of AL ranging from 0.018 to 0.18 inches. Thus the
contact resistance for these relatively flat surfaces under the conditions of
their tests was extremely small. It is questionable if such a resistance is of

practical interest. Good agreement was reported between the data and the

theoretical predictions. In this writer's opinion, the agreement was surprising




123
considering the unavoldable error in these high conductance measurements.

In the model used by Fenech and Rohsenow, the contact areas were as-
sumed to be formed between cylindrical asperities of radius e, and length &,
For cleen surfaces in the absence of a conducting fluid, their theoretical

expression for the joint conductance becomes:

Egkm 1
. E a (1-p/H
- b,k 6, k *
= LR a.km+ 0.81
sk.l. 8 2
If 51'= 52 = §, kl = k2 = km » the equation simplifies to:
1)akm 1
Ha, (1 - p /H)
h = —E 2 (7.1)
S so.81
a

P .
The ratio of —;’- has been employed in this equation, as they suggested, for

the ratio of the actual contact area to the aspparent contact area. In view

of the discussion in Section L4.1.1, the validity of this assumption is subject
to serious question. The dependence of the microscopic constriction resistance
on &, as indicated by Equation 7.1, is a consequence of their model. Consider-

in

ng the smel

this dependence. Under large loads, & /er-E becomes small compared to 0.8

=

Equation 7.1 then becomes:

P k 1
h & 1,20 220 —— . (7.2)
R 8s (l _%_a_)

' P
A comparison with Equation 4.14 shows that the quantity (l - H_a) accounts
for the constriction alleviastion which is described in our model by g(xs). For
the polished surfaces employed in the present study, & /&v.s is probably small,

and for the pressure range of interest p_a. £ 0. Thus,Equation 7.1 becomes:
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P
h 8 1.2 —-i-%-e-;‘i‘-— .
This is equivalent to Equation 4.1k if (X )(g (xs)] = 0.5, On the basis
of the assumptions inherent ig the Fenech-Roheehov‘model, the feasibility
of predicting thermel contact resistance of the majority of engineering

surfaces seems unlikely.

A comparison was not given by Cetinkale and Fishenden [16] for their
theoretical prediction and q;peﬂmental regults, nor vere their experimental
data reported. Howvever, good agreement was reported when their theoretical
equation was fitted to the experimental date by the use of undetermined pera-
meters. The flatness deviation of the specimens was not mentioned. In all
cases one member was a lapped chromium steel surface. The other consisted
of a steel, aluminum or brass specimen with surface roughness ranging from
12 to 570 microinches. The interface condyctance ranggd from 550 to 12,500
BTU/hr fta OF. Since chromiuy steel has a relatively low conductivity, the

contact resistance in terms of the equivalent length, & I.h, was agein small.

Wheeler [63] stated, "The theory of thermal contect joints as developed
by Holm, Cetiﬁkale end Fishepnden shows the number of points of contact per
unit area of Joint and the harmonic meen thermel conductivity of the joint
materials to effect the conductance. An attempt to evaluate these factors
quantatively produced results ‘that had no statistical significence.” Wheeler
also found that the equivalegt thickness 5 of the gas layer determined from
the' qoﬁdnctance measurements was relatively independent of surface roughness.
He suggeated that a gonstant value gave a better approximetion than some con-

stent times the surface roughness. Wheeler's discussion ¢learly demonstrates
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the inadequacy of the current theories thet do not take into account the

macroscopic constriction resistance.

Boeschoten and van der Held [12] employed an expression very similar
to Equation 4.14 for the calculation of heat conducted through the metallic
contact points. These circular microscopic contact areas were assumed to be
uniformly distributed across the entire apparent contact area. The unknown
radius, ag, of the contact was determined from thermal conductance measure-
ments. The average diameter of these areas was calculated to be about 60
micrometers. It was found to be independent of the material and contact
pressure over the renge of pressures studied. Since the roughness of theirv
surfaces as estimated from profilometer measurements was about 10 o, 8
diameter of 60u for the microscopic contact areas seems unlikely. This is

especially true considering the fact that the distance between contact aress

was reported to be very much greater than their diameter.

This unreelistic size of the calculated contact area may very well be a
direct consequence of the neglect of the macroscopic constriction resistance
in their model. From Equation L.1l4, one sees that R, 18 proportionel to a_;
thus, if Rs includes the macroscopic effects, the value of ag calculated from

that equation would be too large.

In Chapter 2, a discussion of Leming's model [4O] was presented. It is
essentially the same as the one employed by Boeschéten and van der Held; thus,
it also leads to an expression similar to Equation 4.1k. Accordingly, the
microscopic constriction resistance is proportional to the product of the hard-
ness, H, and the radius of the microscopic contact areas, @g. Boeschoten and

van der Held obtained correlation by employing en artificially large value of

8g. lLaming also had difficulty in obtaining correlation between his model and
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theory. In an effort to correlate his data, he obtained hardness values
vhich were, in his words, "fabulously high." He stated: "The only claim
made for the 'super hardness' hypothesis in this paper 1s its value in cor;
relating the heat transfer data." Again, since R, in leming's experiments
includes the macroscopic constriction resistance, the "fabulously high"

value of H is a natural consequence.

It 1s thus concluded that the models presented in the literature have
generally had 1little success in correlating the heat transfer data and hold
little promise of successful applicetion to interfaces in & vacuum environ~-

ment.

T.2 EXPERIMERTAL PROCEDURES AND RESULTS

Much of the experimental data reported in the literature failed to
include information on flatness deviation. This probebly was a result of
overlooking this parameter, but perhaps also & consequence of the difficulty
of obtaining relieble measurements, particularly for rough surfaces. Table 7

lists the references which gave data for the flatness deviation along with the

Investigator Total Flatness Deviation
Barzelay et al. [7] 800
Barzelay et al, [6] 300 - 1900
Fried and Costello [22] 1500 - 4500
Jacob and Starr [33] "Approximately Opticael Flatness"
Rogers [51] 300 (or less)
Weils and Ryder [61] 400 (or less)

Table 7

Flatness Deviations Reported in the Literature
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range reported. The values shown in this table are converted as close as
possible from the reported date to the total maximum flatness deviation be;
tween the contacting surfaces at zero load. No description of the macro-
scopic surface contour could be found in the literature. From Teble T it is
seen that surfaces with total flatness deviations larger than those employed
in this investigetion have been used by many investigators; thus, macroscopic
effects must have been of importence in their studies. However, several
investigators employed "lapped" specimens. In this case macroscopic effects

were probably not completely dominant.

The importance of the macroscopic constriction resistance for meny of
the interfaces tested by the numerous investigators also menifests itself by
the repcrted presence of temperature gradients in planes parallel to the inter-
face. Such temperature gradients have been observed by: Sanderson [53], Fried
[23], Weils end Ryder [61], Barzelay, et al. [7 ], and perhaps others. It

is difficult to see how surfaces with uniformly distributed microscopic contact

areas could give rise to such tempersture gradients.

When macroscopic constrictions are present, the axial gradient* in a region
outside of the influence of interfacial disturbances must be projected to the
plane of contact in order to determine the contact resistance. Otherwise, er-
roneous results will be obtained. Hence, a procedure like that employed by
Fried [22] 1s subject to serious question. The procedure uséd by Barzelay, et al,
[ 7],1s better but still suffers from a similar criticism. While two to six
thermocouples were installed in & plane parallel to that of contact, they were
only at either 0.100" or 0.050" from the interface. Also, they were all located

in the center third of the apparent contact area; thus, the averaged value was

* Refers to temperature gradient in the direction of heat flow.
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not a good representation of the average temperature of that plane. Other
investigators (see References 1 and 18) employed only two or three thermo-
couplea.for the determination of the axial temperasture gradient. It is clear
that if ome of these thermocouples were in the disturbed area, the experimental

error could be very large.

Several investigators studied the effects of metellic foil and other
sandwich materials on the thermal contact resistance. Brunot and Buckland [1k4]
presented data for steel specimens in air with 5, 10 and 15 sheets of aluminum
foil placed between the interfaces under an apparent contatt pressure of 200 psi.
The thermal contact resistance was found to be almost unchanged for all three
tests, even though the number of interfaces varied from 6 to 16. In other in-
vestigations [7, 24 ], a decreasse in contact resistance was experienced with the
inclusion of Qandvich materials. Many of these reported effects asre difficult

to explain unless the presence of macroscopic constrictions are admitted.

Now consider the results reported by Mikesell and Scott [44] for the flow
of heat through a stack of thin metallic plates in a vacuum. For example, they
reported that the conduction through a stack of 0.0008 inch thick stainless
steel plates under an apparent contact pressure of 1000 psi was found to be
approximately 2% of the conduction of a solid member of equivalent length. Con-
sidering a stack of thin plates from the macroscopic view point, one would con-
clude that the resistance of any given interface would be smell. If the equi-
velent length of the resistance of each interface in the above exsmple is cal-
culated, it 1s found to be very small, less than 0.05 inches. All three com-
ponent resistances could be of importance in this case. A thin layer of man-
ganese dioxide dust on these surfaces was shown to greatly increase the con-

tact resistance of a stack of such plates.
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Several investigators [7, 51] have reported experimental data showing
that the contact resistancehof a steel-aluminum contact depends on the direc-
tion of heat flow. Williems [64] attributed this phenomenon to surface con-
temination, whereas Moon and kbeler [46] applied the theory of heat conduction
in the solid stete to explain this aéymmetric behavior. None of the models for
the prediction of thermal contact resistance include a means of explaining this
directional effect. A recent report from Massachusetts Institute of Technology
[ 30] stated that this effect 1s presently believed to be negligible. However,
Barzelay, et al. [7], found the interface conductance for heat flow from
aluminum to steeliwas, in some instances, over five times higher than when
heat was flowing in the cther direction. A very significant observation of
their study was the presence of large radial gradients qnly when heat flowed
from steel to aluminum. This seems to indicate that changes in the macroscopic
contact occured during the reversal of heat flow and thus created the direc-

tional effect.

The properties of most metals and fluids are such that, according to the
models presented in the literature, an increase in the mean interface temperature
should cause & decrease in the contact resistance. Several reported observations
have shown just the contrary. Exemples are the steel-aluminum interface studied
by Barzelay, et al. [7], end the interface examined by Kouwenhoven and Potter

[39]. Since the sink temperature was relatively constant in both of these
experiments, & change in the mean interface temperature was effected by a change
in the heat flux. This caused @ change in the amount of thermal strain, hence,
a change in the macroscopic contact area. The effects of thermael strain on the

macroscopic contact ares are presently being studied.
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Generally, rough engineering surfaces are less flat than smooth surfaces.
This is believed to be the main reason for the general trend of an increase
in thermal contact resistance with an increase in surface roughness, which is
aegain readily understood from the macroscopic theory presented here. Some of
the data obtained in the literature show exceptions to this trend (see, e.g.,
References 22 and 39). This is probably the consequence of the rough sur-

faces being flatter than the smooth surfaces with which they were compared.

Summarizing, we note thet meny of the epparent discrepancies and obser-
vetions in the literature, heretofore unexplainable, are now understandable.
The present analysis, admittedly epproximete and perhaps somewhat oversimpli-
fied, has thrown considerable light on the mechanism of thermel contact re-

sistance.




8. SUMMARY AND CONCLUSIONS

A survey of literature on thermal contact resistence reveals that:
1) there exists considerable discrepancy between experimental data and pro-
posed theories and oftentimes even contradictions and i1) the amount of data

on thermal contact resistance in a vecuum environment is extremely meager.

Thermal radiation and interstitial conduction were shown to be unim-
portant for the conditions that are of interest in this invegtigation. At~
tention was thus focused on the study of the metal-to-metal conduction. The
total resistance of the interface was conceived to congist of three resistances
in series: the macroscopic constriction resistance, the microscopic constriction
resigtance, and the film resistance. They were each examined; however, a
quantitative analysis is presehted only for the situation wherein the macro-
scopic constriction is dominating. It is demonstrated that the agreement be-
tween theoretical prediction and experimental data is good for surfaces which

satisfy the said condition.

The following major conclusions could be drawn based upon conditions
within the limits of this investigation:
1. The macroscopic constriction effect ig of im

the thermal contact resistance of a majority of engineering surfaces.

This fact has been grossly overlooked in many previous investigationms.

2. An analysis based on a model of macroscopic elastic contact between
mating members has been carried out, which makes possible a satis-
factory prediction of thermal contact resistance whenever the macro-
scopic constriction is dominating. It naturally leads to a pair of

dimensionless parameters for correlating data.
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th
Ky

P L
and the elastic conformity modulus % = (_Ea.) (_d. ) .
m. t

s

They are: the Biot modulus,

Experimental evidence is given to establish the validity of the

theory.

3. The relative importance of the macroscopic constriction resistance

for clean surfaces can be ascertained from the expression:

R 2 Pay (r) 1
L _ 7 g8 ;L_m

Calculations have indicated that microscopic constriction resistance

is not of importance for many engineering surfaces.

4, Film resistance can be of considerable importance for heavily
oxidized surfaces; however, it also has been shown that for freshly
machined surfaces with a realistic value of flatness deviation, film

resistance 1s only of secondery importante.

5. Using the model put forth in this investigation, many phenomena as-
sociated with thermal contact resistence, which previously reslsted

explanation, are now understandable.

6. High conductance interfaces, thermal switches, etc., can now be
designed more rationally. By Judiciously choosing Em, km and dt’ a

wide range of contact resistance can be obtained for any given load.

Other specific conclusions are:

T. An apprecleble decrease of the macroscopic contact resistance cen occur,
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with time, due to creep of the contact members. For the temperature

level of these experiments, creep was only significant for magnesium.

With heat treated alloys, an appreciable change in the thermal conteact
resistance can occur as a consequence of property changes caused by

aging or annealing effects at elevated temperaturesﬁ

The size of the macroscopic contact aree is affected by thermal strain.

It could be of considersble importance in contacts between dissimilar

materials.

The improvement of the conductance with the addition of a conducting

fluid can be appreciable, even at large loads.



9. RECOMMENDATIONS FOR FUTURE EXTENSIONS

The present investigation has provided a better understanding of the
mechanism of thermal contact resistance. It has revealed the importance
of macroscopic effects and has been successful in predicting this resistance.
In spite of the assumptions and approximations used, the present analysis
provides a basis from which a detailed and refined study cen be effected. A

few recommended extensions follow.

The Hertz equation which was employed for the calculation of the macro-
scopic contect area is only applicable if the dimensions of this area are
small compared with those of the contact members. The experimental results
obtained indicated that the Hertz equation was appliceble for Xy 1less than
approximately 0.65. Thus, the macroscopic constriction resistance for the
model employed cannot be accurately predicted if XL becomes larger than this
value. The ability to predict the macroscopic resistance when XL is greater
than 0.65 would be an asset for the study of interfaces with low resistance
end for the analysis of film and microscopic constriction resistances. The
variation of contact area with load for geometries other than spheres would

also be of interest.

The effects of thermal strain on the macroscopic contact areas are not
clear at the present time. A theoretical study of this problem has begun in
the Department of Theoretical and Applied Mechanics under the direction of
Professor A. P. Boresi. The temperature gradients due to the macroscopilc
constrictions produce thermal strains which result in a change of the macro-
scopic contact area. While these effects do not seem to be significant for

contacts between similar materials, they could become apprecieble for dis-
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similar metals. It would be interesting and enlightening to find out if the
variation of thermal contact resistance between dissimilar metals with the

direction of heat flow is & consequence of thermal strain or of other causes.

This study is mainly concerned with the macroscopic constriction resistance;
thus the physical nature of the film and microscopic constriction resistances
must be examined further. The knowledge and experience gained in this study

should prove to be useful in planning the experiments and interpreting the data.

Several possible methods of reducing film resistance should be investigated.
For example, plating the contacting surfaces with a noble metal such as gold or
silver may provide a means of reducing film resistance. Also;, the film re-~
sistance could be mechanically reduced by treatment inside the vacuum chamber.
A soft metallic plating of suitable material and thickness would be & possible
means of reducing both the microscopic and film resistances by increasing the
microscopic contact area. Film resistance also could be studied by varying the
film thickness; however, the control and measurement of the f£ilm thickness would

be difficult, particularly for thin films.

The influence of surface roughness on the effective macroscopic contact
area and the variation of this area with loading and unloading should also be
examined. The problem of film damage as affected by roughness and manner of
loading warrants a careful and systematic study for surfaces with both large

and small flatness deviations.

A more complete investigation of the effect of the geometry of the con-
tacting members and the thermal boundary conditions should be made. The con-
ductive-liquid analog would be a valuable tool for such studies. A problem
of definite interest would be to examine further ‘Ehe influence of the manner

in which the macroscopic contact areas are distributed.
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An interestinhg and possibly rewarding extension of the present model would
be the inclusion of an interfacial fluid. Qualitatively, the effects of an
interfacial fluid have been discussed, but at this time no quantitative pre-

diction has been attempted. Possible technological applications are obvious.




NOMENCIATURE

contact area
radius of a contact area
radius of constriction region

conductance, C = %

equivalent flatness deviation
modulus of elasticity
defined by Equation k.10

interface conductance, h= 1

ER

a
thermal conductivity

length of specimen

equivalent length of contact resistance
number of contact points

load

contact pressure

heat flux

resistance

radius of spherical cap or radial coordinate

film thickness
temperature

a temperature difference

_constriction ratio

dimensionless radial coordinate, r/aj,
axial coordinate
accommodation coefficient

ratio of specific heats
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Subscripts
1
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equivalent distance between contacting surfaces
emissivity of surface

elastic conformity modulus

mean free path

Poisson's ratio

proportionality constant between Pg and H
resistance across & unit area of surface film
Stefan-Boltzmann's constant

defined by Equation k.33

surface or specimen 1

surface or specimen 2

apparent contact area

metal-to-metal conduction mode

interstitial conduction mode

macroscopic constrictions or contact regions
a mean value as defined in text

surface film property or contribution
radiation mode

microscopic constrictions or contact areas

total
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APPENDICES

A. MATERIAL PROPERTIES

1) Modulus of Elasticity

The modulus of elasticity of metals is a function of the temperature.
Generally, this variation with temperature cannot be neglected. For example,
the modulus of some magnesium alloys at 500°F is only half of its value at
room temperature. Some excellent work on the variation of the medulus of
elasticity with temperature has been done by Koster [ 37, 38]. Be reported
data for 32 pure metals for temperatures ranging from -180°C to the melting
point or 1000°C. Deta on various alloys also were reported. In Reference [ 38 ]
data for copper-zinc alloys are given. The percentage of copper was varied
from 63% to 95%. The variation of the magnitude of the modulus between alloys
wvas large; however, the slope of these curves, .g% , at a given temperature was
approximately the same for all the copper-zinc alloys. Using Kbster's slopes
and the room temperature value of the modulus for leaded brass reported by

Reference 43, the data for brass given in Figure 41 were calculated.

Alcoa [ 2 ] reported that the compression modulus for aluminum was sbout 2%
greater tha-n the tension modulus. They also reported no variation in this
modulus with the heat treatment. For exampie, 2@;-5, :Tu'fr, and ';1'6 were re-
ported to have the same modulus of elasticity. Their structural handbook [ 3 ]
listed the percentage varlation of the modulus with temperature. From these
date and the room temperature value for 202'4;'1'5,, the variation of the modulus
with temperature given in Figure Ll was calculated. The data giwven for stainless

steel and magnesium were obtained from References 60 and 17, respectively.

In this investigation the possible variation of the modulus of elasticity

with temper and the difference between the compression and tension modull were
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AL

neglected. These effects apparently were small. Sufficient data were not

available to Justify their inclusion.

i1) Hardness Data

Diamond Pyramid Hardness Number *
Indentor Brass Stainless
Load Magnesium | (Anaconda) | Aluminum Steel
(Kilograms) | (AZ 31B) (271) (2024Th ) (303)
0.1 s 170 150 -
1.0 60 135 143 260
2.0 59 130 140 254
3.0 - - - 2ho

111) Thermal Conductivity Measurements

In Figures 41 and 42 the experimentally determined thermal conductivities
of the materials employed in this investigation are compared with the data
taken from the literature. Much of the deviation and scatter shown 1s due to

slightly different compositions or heat treatments.

* This number represents the load in kilograms divided by the projected area of
the indentation in square millimeters. A Tukon microhardness testing machine
was employed to determine the above hardness numbers.
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C. TABUIATED EXPERIMENTAL RESULTS

Units of tabulated quantities:

150

pg(p8i)s aT(°F); h BTU \
: - R
(psi)s T (°F); BTU
Series Pa h AT Other Parameters
1 11.1 172 65
29.2 2ks 64 T ¥ 340
Ly 6 259 64
87 346 57 k, ¥ 69
157 L65 50 6
311 652 41 E ~13.1 x 10
519 918 33
760 1126 29
95k 1327 26
3 11.1 126 86
29.2 220 T0 Ty ¥ 265
4l .6 257 63
87 334 58 k, < 66.5
157 432 53 6
311 590 k4.5 Ep % 13.35 x 10
519 830 36
760 1045 30.9
95k 1260 27
35 11.1 93.5 118
29.2 148 103 T, ¥ 160
by .6 17h 92.5
87 238 81 k < 62.5
157 316 T2 6
31 k22 62 E, ¥13.7 x 10
519 579 51.5
760 706 4s.5
954 849 ko
by 11.1 158 134
29.2 253 98.0 T, ¥ 260
4.6 289 91.8
86.9 370 78.1 ky & 66.5
157 kT2 67.8 I
311 647 sh,1 E_ % 13.h x 10
519 881 k2.5 o
760 18 33.
954 1390 28.9
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Series Pa h AT Other Parameters
5p 1.1 1940 1.1 '
29.2 2360 10.6 T ¥ 340
i, 6 2630 10.2
86.9 2980 9.8 k, = 69
157 3260 9.9 6
311 k190 8.4 E, 2/13.1 x 10
519 5100 7.4
T60 6700 5.9
954 6860 5.9
6g 11.1 538 39
23.2 629 39.1 T, ¥ 165
4l .6 718 36.7
86.9 985 29.2 k ¥62.5
157 1hko 22.1 m 6
311 2370 1k.8 E, ¥13.7x 10
519 3190 11.7
760 3730 10.5
95k 4080 9.8
Chamber
Series Pressure h AT Other Parameters
(mm of Hg)
5 10-3 428 46.0
3 x 10-2 437 k5.1 T <180
8 x 10~2 437 k5.2 n
5 x 1071 436 45,1 kK ¥ 63
2 452 k3.4 m ¢
760 1022 20.6 E, #13.8 x 10
3 x 1072 bl 5.5
Loading Unloading
‘Series Pa h T h AT Other Parameters
1y 10.2 35.0 201 - -
28.4 85.3 1h2 108 140 T, ¥ 215
67 152 105 229 86.9
157 3kl 61.4 500 48.0 k, ¥ 50.8
310 816 31.7 1200 22.7 6
518 1540 18.0 2200 12.9 E, 6.1 x 10
759 2270 12.6 2910 9.9
986 3200 9.0 - -
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Loading Unloading
Series Pa h AT h AT Other Parameters
2y 10.2 283 68.7 - -
28.4 687 33.6 898 26.2 T 2 210
67 1450 17.4 - - m
157 3570 7.5 4900 5.5 k ¥ k9.6
311 9100 3.0 - - m 6
E 6.1 x10
m
3 10.2 61 170 - -
M 28.4 145 107 440 48.0 T 210
67 511 43 830 28.6 o
157 1250 20 1600 16.2 Kk ~L49.3
310 2320 11 3070 8.8 m 6
518 5050 5.4 6400 4.3 E < 6.1 x 10
759 8700 3.2 - - n
1 11.1 17.2 180 20.9 16k
S 29.2 28.3 139 37.7 118 T, ¥ 230
67.7 48.5  98.4 78.2  69.2
157 108 53.8 187 33.6 Ky ¥ 9.45
311 223 27.7 L6k 1.1 ¢
519 695 9.5 993 6.8 E ~28 x 10
760 1700 b 2140 3.2 m
987 2300 3 - -
2 29.2 20.3 17k 36.3 125 T 245
S 157 139 k1 199 2.3 m
311 341 19.5 - - kpy = 9.53
519 T40 9.3 - 6
Ep 28 x 10
39 29.2 38.4 122 45,4 109
67.7 1.7 T7.2 - - T, = 245
157 120 51.2 118 53
311 168 37.9 - - k ~9.53
519 2L 27.9 2l3 27.2 " 6
760 321 21.2 - - E 28 x 10
987 396 17.k - - "
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Time
Series (Hours) h AT Q(BTU/hr) Other Parameters
hs 9.33 35.1 91.5 17.5
10 38.4 85.9 18
10.33 38.0 87.4 17.9 T <193
10.67 36.3 88.7 17.6 n
11 35.3 89.9 17.3 k £9.30
11.33 36.0 89.1 17.45 v 6
11.67 37.3 87.5 17.8 E, ¥28 x 10
12 35.1 89.8 17.2
12.33 35.3 89.9 17.3
12.67 35.9 89.6 17.35 AT(ave.) + 88.7
13 35.9 89.5 17.35
16 35.2 90.7 17.4 h(ave.) = 36.3
16.3 36.7 88.9 17.8
16.6 38.1 86.9 18.0 P = 29.2
16.9 37.8 86.9 17.9 &
17.5 35.0 90.3 17.2
21.5 b1.s5 80.5 18.2
22 39.8 81.9 17.8
22.33 34,7 88.3 16.7
22.58 36.6 86.4 17.25
23.5 43,5 78.0 18.5
34.33 35.0 88.5 16.9
34.67 35.7 88.0 17.1
36.84 35.2 89.5 17.2
37.16 37.4 87.7 17.9
37.5 35.4 89.5 17.25
37.9 35.7 89.1 17.35
38 36.3 88.7 17.6
38.4 36.5 88.1 17.55
38. 74 37.0 87.4 17.65
39.05 35.7 89.1 17.35
39.38 36.2 88.3 17.45
39.8 37.7 86.6 17.8
40.15 37.3 87.2 17.75
Series Pg h AT Other Parameters
1, 10.4 88 16k
28.4 191 109 Tm ¥ 220
Lk .0 365 T1.5
86.2 660 46.7 kK ¢T9
157 1030 33.8 7
310 2080 19.1 E ¢10
518 4090 10.

0.6
759 5310 8.6
986 7960 5.9
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Series Pg h Loadinh h Unload&l%g Other Parameters
2, 10.4 219 113 238 115
k4.0 513 65.8 518 68.3 T, ¥ 238
86.2 821 k.9 - -
157 1330 30.9 1320 33.1 L ¥ 82
310 2300 19.4  2Loo 20.0
518 4520 10.6 4130 11.9 E_# 107
759 5670 8.8 6500 7.8
986 7940 6.4 - -
3 10.4 32 27h - -
28.4 68 220 9l 193 T 238
67 138 162 228 122 o
157 428 80 623 60.6 k. ~ 81.8
310 1140 36.4 1480 28.8 n 7
518 2270 19.9 3300 1k.0 E, ¥ 10
759 3850 12.2 k4650 10.3
986 5240 9.2 - -
hA 10.4 L6 237 - -
28.4 98.5 184 140. 156 T, < 238
67 22k 119 - -
157 695 52.9 1010 39.4 L ~82.0
310 1860 23.1 - - 7
518 3150 k.6 470 10.4 E, ¥ 10
759 5000 9.5 - -
986 6700 7.1 - -
5a 10.4 38.2 253 - -
28.k 133 161 21k 118 Ty = 240
67 476 69.3 - -
157 1220 32.5 1260 3.4 km':’sa.o
310 2k50 17.6 - -
518 4160 10.7 L4700 9.8 E, ¥ 107
759 6500 6.9 - -
986 9500 5.0 -
6, 10.k4 5k 238 - -
28.4 213 128 218 127 Ty ¥ 235
67 Lo 78.8 - -
157 762 52.5 786 51.5 K, ¥ 82
310 1270 34.5 - - T
518 1970 23. 1950 23.8 Ep ¥ 10
759 2780 17.0 - -
986 3740 12.9 - -




155

Loading Unloading
Series pL h AT h AT Other Paremeters
Ta 10.4 212 90 - -
28.4 k52 63 527 61.1 Ty = 235
67 632 Slnh L -
157 1120 33.3 1220 32.7 kp - 85
310 1880 22.0 - - 7
518 2640 16.6 2790 16.2 Ey - 10
759 3380 13.6 - -
986 4280 11.0 - -
8A 157 140 30.7 1350 33.7 Ty - 225
518 3260 15.1 - -
986 6580 8.0 - - ky = 96

- 107
Em 10
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